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A B S T R A C T 
The monopositive ions (cation radica ls ) of the t e t racyc l i c aromatic 
hydrocarbons, namely-tetracene, l,2-ben2ianthracene, chrysene, 3,4-benzphenanthrene, 
tr iphenylene, and pyrene have been produced by the uv i r rad ia t ion of the hydro-
carbon-doped boric acid glasses . In t h i s pixicess the glasses acquire some 
characterisffcic colours which are found to pe r s i s t for an i n f i n i t e l y long time 
i f kept under the same conditions in which the ions are formed. The formation 
of these ions takes place according to the two-photon mechanism: 
(1) 
(2) 
A 
'A 
^ ^ 1 . .* 
> A 
2 » A 
_ \ 
•— ^ A + 6 p 
where the s ingle a s t e r i sk (*) corresponds to the excited s t a t e of the molecule 
and the double as te r i sk («•*) to the higher t r i p l e t s t a t e s . The electrons 
released in t h i s process are removed far from the neighbourhood of the parent 
molecule or i t s ion where some of them are trapped by the boric acid glass 
without reac t ing with the matrix, while the others are captured by the hydrogen 
of the boric acid: 
e" + HBOg - * H + BOg . (3) 
Due to t t e discontinuous structure of the matrix, the hydrogen atoms diffuse 
in the medium and produce e i ther a hydrogen molecule tha t escapes, or they are 
attached to the rad ica l cations forming AH : 
A'*' + H > AH"*" . (4) 
The radical cat ions A are, however, much stable in coicparison to the photo-
products AH , We have shown tha t there i s no pos s ib i l i t y of the formation 
- 2 -
of the radica l anions (A~) ly the react ion of the photo-ejected electrons 
vdth the parent hydrocarbons. 
The absorption spectra of the hydrocarbon cation radica ls have been 
recorded on a Carl Zeiss VSU 2-P Spectrophotometer in the region ZOQ-^/^!X) nm. 
The effects of solute concentration, i r rad ia t ion time, and temperature on the 
ionic spectra are systematically studied. An increase in the solute concentration 
r e su l t s in an overal l improvement in the i n t e n s i t i e s of the bands. Similarly, 
the concentration of the ion rad ica ls increases with i r rad ia t ion t ime. However, 
on very long uv escposures, a saturat ion i s reached in the formation of the cation 
rad ica l s for a l l the hydrocarbons except triphenylene where, unlike the other 
hydrocarbons, some of the ions are converted back t o t h e i r parent molecules 
through some mechanism yet to be es tabl ished. The heating of the i r rad ia ted 
films upto 90 C does not show any effect e i the r on t he i r charac te r i s t i c colours 
or on the i r absorption spectra. Above t h i s temperature the films s t a r t softening, 
and at about 110 C they completely lose t h e i r colours, and t h e i r spectra resemble 
t o t ha t obtained for the neutral molacxiles. This appears to happen due to the 
recombination of the electrons with the monopositive ions. Similarly, when 
the films are i r radiated at 100 C, the forrat ion of the cation rad ica l s i s slower, 
but at 110 C t h e i r fonriation i s almost stopped. To explain t h i s pbsnonenon, i t 
has been suggested tha t there i s a competition between the photo-oxidation and 
recombination processes where the fornBr dominates at temperatures below 100°C; 
but at 110 C, as soon as the electrons are released, they recombine with the 
monopositive ions as a resul t of wldch no ionic formation i s detected. 
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I t has been found that the electronic spectra of the al ternant 
hydrocarbon cation rad ica ls show close resemblance among themselves i r respect ive 
of the matrices in which they are produced; and so i s the case for t h e i r anion 
rad ica l s as well . On the other hand, the spectra of the cation and anion 
radica ls derived from the same hydrocarbon show a marked d i s s imi l a r i t y with 
regard t o the t r an s i t i on energies, v ibra t ional struct\ire, and general appearance. 
Contrary to the general belief, we suggest tha t t h i s d i s s imi l a r i t y i s not due 
to difference of solvents, but i t i s due to the chal 'acter is t ic proper t ies of 
these species (cations and anions). 
The electronic spectra of the t e t r acyc l i c aromatic hydrocarbon monoegativ( 
ions have been calculated using the Pariser-l: 'arr(l?) and the ' f ree e lec t ron ' 
molecular o rb i t a l (lEM)) nathods. Furthermore, in the PF method the Coulomb 
repulsion in tegra ls have been evaluated using the Par iser (P) and Mataga-
Nishimioto (MN) approximations. Owing to the 'pa i r ing proper t ies ' of a l ternant 
hydrocarbons, these calculat ions are exact ly val id for the cation r ad ica l s as 
well and have, therefore, been used t o in te rpre t t h e i r observed spectra. In 
suLl the cases studied, the r e s u l t s based on the PP(MN) method are always in 
bet ter agreement with experiment as coi%ared to the other methods. The electronic 
spectrum of each cation radica l i s analyzed in d e t a i l and the various e lect ronic 
t r a n s i t i o n s are c lass i f ied on the basis of 'mixing of conf igura t ions ' . In the 
absorption spectra of tetracene and pyrene cat ions some of the weak bands which 
were e a r l i e r considered to be due to some proton complex, have been reassigned 
as e lec t ronic bands. The present spectra of 1,2-bsnzanthracene and chrysene 
Cation rad ica l s cover a broader region as compared to the e a r l i e r works and 
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so are t h e i r in te rpre ta t ions . We have recorded the electronic spectrum of 
3,4-benzphenanthrene cation for the f i r s t time and the calculat ions reported 
are also new. 
Finally, we have correlated the various electronic bands of the 
Cation rad ica ls of tetracene and i t s isomers. I t has been found tha t the 
bands show some systematic var ia t ions (with regard t o t h e i r t r a n s i t i o n 
energies and in tens i t i es ) from one cation radica l to another. 
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P fi xS F A G ii 
i'he present t h e s i s deals largely with the experimental and theore t ica l 
s tudies on the electronic spectra of t e t r acyc l i c aromatic hydrocarbon cation 
r ad i ca l s . 
The f i r s t chapter contains a br ief his tory of the formation and trapping 
of ion rad ica l s , especially of those derived from aroinatic hydrocarbons, together 
with the study of t he i r e lect ronic spectra. The second and th i rd chapters form 
the ejqjerimental part of the work where the d e t a i l s of the experiment are 
described and the experimental r e s u l t s are given. 
The molecular o rb i t a l methods are discussed in the fourth chapter. The 
primary effort has been to j resont a c lear pic ture of the d8velopm3nt of the 
theory rather than to describe the specific contribution c f the individuals . 
The number of workers who have contiubuted t o i t s develop-.ant i s so large that 
i t could not be possible to mention many important contributions, and for that 
I simply apologise in advance. The Par iser-Farr and ' free electron ' methods 
which form the basis of the in te rpre ta t ion of the electixinic spectra given in 
t h i s t he s i s , are described in d e t a i l . The applicetion of the molecular o rb i t a l 
methods to ion radicals i s discussed in the f i f t h chapter where the r e s u l t s of 
calc\i lations are also driven. 
In the sixth chapter the phenomena of photo-oxidation and recoribination, 
the fate of the photo-ejected electrons, and the diffsrence in the electronic 
spectra of the cation and anion radica ls are i iscudsed. A comparison has been 
made between the ejqrerimerital and theore t ica l r e su l t s and the electronic spectrum 
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of each cation radical i s analyzed in d e t a i l , l^ioreover, an attempt 
has been made to cor re la te the electronic bands of the cation radica ls 
of tetracene and i t s isomers. 
For the character izat ion of the e lectronic bands, the c l a s s i f i ca t ion 
based on the mixing of configurations, ra ther than the group-theoretical 
c lass i f i ca t ion , has been adopted. In t h i s I have followed the same 
nonenclature as used by Hoijtink and Shida. 
2aUSj. Usr. UJLA^ 
( Zahid Husain Khan ) 
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C H A P T E R - 1 
I N T R O D U C T I O N 
•'•I* General 
The inpjrtance of polynuclear aromatic hydrocarbons l i e s in the 
fact t ha t they are of great i n t e r e s t to phys ic i s t s , chejuists, and b io log i s t s 
a l i k e . Many of them are powerful carcinogens while some have l i t t l e or no 
carcinogenic property. Several attempts have been made t o eaqiLain the 
biological a c t i v i t y of these compounds in tenns of t h e i r e lectronic s t ruc tu re s . 
The most famous i s t h e work of Pullman and Ptxliman, i n which they correla ted 
the carcijiogenic ac t iv i ty of these hydrocarbons with various t h e o r e t i c a l 
paramsters. However, no physical or chemical property appears t o have been 
foxxnd experimentally so far which could explain the special biological a c t i v i t y 
of the carcinogens. 
The study of the carcinogenic behaviour of rad ica l ions may also 
prove t o be inportant . For example, i t may be in t e res t ing to invest igate 
whether the carcinogenic a c t i v i t y of the carcinogens changes when they are 
exposed t o some high^energy radia t ions t o form t h e i r rad ica l ions . The work 
described in t h i s t he s i s , however, w i l l not deal with the problems re la ted 
to the biological effects of large benzoid hydrocarbons and t h e i r rad ica l 
ions , but i t wi l l ra ther take up the problems of physical and chemical in 
nature which are of i n t e re s t t o spectroscopis ts . 
Before discussing the problems attempted in t h i s t h e s i s , we sha l l 
give a br ief survey about the formation and trapping of ion rad ica l s and 
the progress made in t h a i r spectroscopic s tud ies . 
1.2, His tor ica l Backgroigid 
The hisrtory of the formation of ion rad ica ls s t a r t s vdth the 
observation of the phenomenon of colotiration of so l ids in organic g lasses . 
A systematic study about the colour centimes in organic sol ids exposed to 
high-energy radiat ion was made possible ozily a f t e r the pioneering work of 
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Lewis and his associa tes , ' They studied a solut ion of tetrapbenylhydrazdne 
in EPA (ether , isopentane, and e thyl alcohol) by i r r ad i a t ing with a highr-
pressure mercury arc at l iquid a i r temperature, and found tha t the solution 
turned t o green colour which was a t t r ibu ted to the formation of diphenyl-
nitrogen r a d i c a l . The colotir of the solution was found to pe r s i s t for several 
days a t l iquid a i r temperattare, but disappeared rapidly when the temperature 
was raised suff ic ient ly t o make the solvent f lu id . 
After the lapse of more than a decade, Norman and Por ter , and 
qui te independently. Whittle e t a l . proposed the matrix i so l a t i on method 
for the formation of flree r ad ica l s . The method involves the photolyt ic 
d issocia t ion of a substance dissolved in a t ransparent r i g i i solvent of ine r t 
mater ial a t temperatures suf f ic ient ly low to inh ib i t diffusion of the act ive 
species to the v i c in i t y of other atoms; thus holding these species ef fec t ive ly 
immobile in a nonreactive environment. 
The matzlx Isola t ion method has led to the study of solvents which 
form r ig id glasses at low temperatures and are also useftil for spectroscopic 
work. Mixed organic solvents, which form crack-free glasses at low temperatures, 
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were used In the ear ly work,' But l a t e r s tudies showed tha t the s ingle-
component organic glasses, which generally crack, are also su i tab le for 
rad ica l production. Exaaiples of such matrices are MTHF (2-m9thyltetrahydro-
furan), 3-MP (3-n»thylpentane), and n-Bu 01 (n-tautyl chlor ide) . These form 
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r ig id glasses at 77 K. Inorganic glasses, such as polycrysta l l ine CCl , ^ also 
form sui table glasses at low temperatures. 
After the advent of the matrix i so la t ion method, considerahle 
progress has been made in the methods of formation of the anions and cat ions 
of aromatic hydrocarbons. For t h e i r detection the op t ica l and e . s . r . spectro-
scopic methods have been generally used. The e . s . r . s tudies "" which, 
however, by far exceed the opt ica l s tudies, sha l l not be considered here. 
In the l a s t two decades such a vast amount of work has been done 
on. aromatic ion radicals tha t i t i s not possible to stjmmarize a l l the previous 
work in t h i s br ief descript ion. We shal l , therefore , mention here only thase 
important invest igat ions which have accelerated the study of aromatic ion 
radica ls and have had a greater impact 6n the development of t h i s subject . The 
other important references wi l l appear in the t ex t a t appropriate p laces . 
Hoijtink and h is group of workers may be credited for t h e i r pioneer-
ing work on the ion radica ls of aromatic hydrocarbons which has great ly 
revolutionized the development of t h i s subject. In t h i s conjiection w^  woxild 
l ike to mention the work of Balk et a l . where a deta i led study of the absorption 
spectra of a large number of aromatic hydrocarbon anions was made. The anions 
were generally produced by react ing the hydrocarbons with a l k a l i metals in 
sui table solvents such as THF (tetrahyirofuran) and DEB (diethoxyethane) 
so lu t ions . * Hoijtink and Zandstra ' made polar izat ion measurements of 
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the e lectronic spectra of aromatic mononegative ions ty i r r a d i a t i n g with 
plane polarized l igh t the solutions of dinegative ions of aromatic hydrocarbons 
in MTHF solution in the presence of Na metal a t 77 °K, Buschow e t a l , , on 
the basis of t h e i r s tudies on aronat ic hydrocarbon s a l t s in MTHF, HF (hydrogen 
f luor ide) , and 1,2-a»8thoxyin8thane solut ions, investigated the condit ions under 
which the negative ions are free or associated with a l k a l i metals. Hoijtink 
said h i s associates also studied the op t ica l absorption spectra of aromatic 
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cation r ad ica l s produced in strong proton acids and Lewis ac ids . 
An important contribution in the study of ion r ad ica l s was made by 
22—2S Hamill and h i s group of workers. Instead of using the well-known chemical 
methods, they employed the T ' - i r rad ia t ion technique for the production of 
ions, eaad made a detai led invest igat ion of the migration of e lec t rons and holes 
in / - i r r a d i a t e d organic and inorganic glasses a t 77 K, They studied the 
different processes involved in the formation of hydrocarbon anions and cat ions 
29-31 
and measxired t h e i r absorption spectra in di f ferent glassy matrices. Since 
32-35 then t h i s technique has been used by other groups of workers a l so . 
Besides the above-mentioned methods, the pulse rad io lys ie technique 
has also been employed by Arai e t a l f , ' Adams and co-workers, and 
39 Zahradnik et a l . for the study of op t ica l absorption and t r ans ien t spectra 
of aromatic anions and cat ions . Aromatic dimer cat ions have also been 
studied ty t h i s method. 
Finally, we shall br ief ly discuss the formation of aromatic cation 
rad ica l s in boric acid glass which i s important from the point of view of the 
present work. The s u i t a b i l i t y of boric acid glass for room-tentperature stxjdies 
was f i r s t of a l l pointed out by Evans who found t ha t i t provides a good 
solvent for a va r ie ty of aromatic hydrocarbons* He also reported t ha t on uv 
i r rad ia t ion of triphenylene in boric acid glass a permanent blue colovir i s 
observed which he ascribed to the formation of free r ad i ca l s . Similarly^ 
Hubsrt-Habart and Muel fovind that 3,4^benzpyrene in boric acid glass becaine 
permanently red coloured when i r rad ia ted with uv lighb« Lupinski^*^ studied 
i r radia ted samples of solutions of aromatic hydrocarbons in the same glass 
with e , s , r » , and found t ha t t h e i r spectra were similar t o those found for 
the negative ions in THF solution, A further invest igat ion of these coloured 
photo-p:oduct8 was c a n l e d out by Bennema e t a l . who measured the op t i ca l 
and e . s . r , spectra of various aromatic hydrocarbons in uv i r rad ia ted boric 
acid g lass . They explained t h i s phenomenon on the basis of photo-oxidation 
in which the hydrocarbon monopositive ions are formed and free e lectrons are 
released. Buck et a l . and Vincow and Johnson* reached the same conclusion 
who extended t h e i r invest igat ions t o other aromatic hydrocarbons. The same 
method was employed by Zaidi and Khanna ' and Khan and Khanna ' for the 
formation of aromatic hydrocarbon ca t ions . They also studied t h e i r e lect ronic 
absorption spectra . 
1.3« Present Work 
The observation t ha t the e lectronic spectra of te t racene and i t s 
isomers show some resemblance, motivated us t o study the corre la t ion in t h e 
electronic t r ans i t i ons of t h e i r ionic spectra as well . Such a study, however. 
requires a l l the necessary spectral data, ejjperimental as well as t heo re t i c a l , 
for these hydrocarbons which, tmforttinately, are not completely known at 
present . We have, therefore, made an extensive invest igat ion of t h e electi t)nic 
spectra of a l l the t e t r acyc l i c condensed-ring aromatic hydrocarbon cat ion 
rad ica l s . These ions have been produced by uv i r r ad ia t ion of the aromatic 
hydrocarbons in boric acid glass and t h e i r e lec t ronic spectra have been msasured 
in the region 200-1400 nm. The reason for the special choice of boric acid 
i s manifold — ( l ) I t i s a good solvent for a l l the hydrocarbons iinder invest iga-
t i on , (2) I t forms a r ig id glass at room temperature and thus i t provides t h e 
most sui table matrix for room-temperature s tud ies , and (3) I t i s t r anspar« i t 
in the spectra l region 200-1400 nm in which most of the ionic bands are found 
to e x i s t . Another aim of t h i s work i s t o analyze t he spectra of t h e cat ion 
rad ica l s and t o study the mechanism of the photo-chamical phenomena re la ted 
with the i r formation. This has necessitated us t o make a systematic study of the 
ef fec ts of i r r ad ia t ion , solute concentration, and t e n ^ r a t u r e on the spect ra . 
These s tudies reveal t ha t a s l igh t softening of the glass r e s u l t s in 
the recombination of the photo-ejected e lec t rons with the cat ion r a d i c a l s . An 
important aspect of t h i s work i s re la ted to the observation tha t the e lec t ronic 
spectra of the cat ions (or anions) of an a l te rnant hydrocarbon show great 
resemblance among themselves i r respect ive of the matrices in which they are 
produced, but the spectra of the anion and cat ion of the same hydrocarbon show 
a remarkable d i s s imi la r i ty in t ha t they are s l i g h t l y sh i f ted . We conclude 
tha t t h i s spec t ra l sh i f t may be a t t r ibu ted to t he cha rac t e r i s t i c s of the 
anions and cat ions ra ther than the solvent sh i f t as i s generally considered. 
We have also atteinpted to throw SOB© l i gh t on the fate of t he photo-ejected 
e lect rons . 
For the in te rpre ta t ion of the e lect ronic spectra of the cation 
radica ls calcti lat ions have been made using the Par iser-Parr axid free electron 
molecular o r b i t a l methods. These msthods, which are based on en t i r e ly different 
assuinptions, were selected in order to t e s t t h e i r r e l a t i ve meri ts . On the 
basis of these calcvilations the electronic spectra of the cat ions are in terpreted 
and attempts have been made to remove the discrepancies in the e a r l i e r i n t e r -
pre ta t ions , i f there are any. The different ca lcula t ions when compared with 
the experimental r e s u l t s lead to the fact t ha t the r e s u l t s based on the Pa r i se r -
Parr approximation are generally in be t ter agreemsnt with experiment as compared 
t o the free electron method. The r e s u l t s are improved when the Mataga-Nishimoto 
approximation i s used instead of the Par iser approximation for the evaluation 
of Coulomb repulsion in tegra l s in the Par iser-Parr method. 
Final ly , we have studied the cor re la t ion of the different e lec t ronic 
t r a n s i t i o n s of the cat ion rad ica l s of te t racene and i t s isomers, where we have 
found t ha t th^y move in a systematic manner from one cation to another. However, 
t h i s movement i s not so systematic a.& found for the neu t ra l hydrocarbons. 
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G H A P T E R - 2 
SSSPERIMaiTAL PART 
2 , 1 . Chemic^s 
Boric acid c rys t a l s of 'AR' grade (B.D.H,, Ltd . , Bombay), and 
boric acid fine grains of 'pro analys i ' grade (Sarabhai M.Chemicals, Bombay) 
and of 'AB' grade (Pfizer, Bombay) were used as solvents. The aromatic 
l^ rocarbons ; te t racene , 1,2-benzanthracene, chrysene, 3,4-benzphenanthrene, 
tr iphenylene, and pyrene were obtained from different sources which are 
l i s t e d in Table 2 . 1 . The structtire of these hydrocarbons i s shown in Fig. 2 . 1 . 
Al l the chemicals were highly pore and were used without flirther pur i f ica t ion . 
TABLB-2.1 
The aromatic hydrocarbons, t h e i r chemical formulae, 
and the soTorces from where they were obtained 
Aromatic 
hydrocarbon 
Tetracene 
1,2-Benzanthracene 
Chrysene 
3,4^Benzphenanthrene 
Triphenylene 
Pyrene 
Chemical 
formula 
^18^12 
^18^12 
^18^12 
^18^12 
^18^12 
° 1 6 ^ 0 
Source from where 
obtained 
Schuchardt (W.Germany) 
Flvika AG (Switzerlaxid) 
L.Light (England) 
K & K (U.S.A.) 
Koch-Light (England) 
B.D.H. (England) 
» Gift of Professor C.P.Poole, J r . i s kindly acknowledged. 
t^ 
TETRAC['NE 
QIOIOJ'' 
CHRYSENf 
OTO 
3,4 BEN/RHENANV'R^ \\ 
Y 
TRIPHENYLENE 
^ C ^ 
PYRENE 
•X 
FIG 21-STRUCTURE OF T E T R A C V C L I C AROMATIC HYDROCARBONS 
10 
2 .2 . Preparation of Boric Acid Glass 
A measured quanti ty of tbe boric acid was taken in a crucible and 
heated t o about 240*^ C at which temperatxa*e i t melted, A weighed quanti ty of 
the hydrocarbon was mixed with the melt which was sandwiched between two 
s l igh t ly pre-heated glass p l a t e s . These were already coated with a th in layer 
of o i l and were placed one millimetre apar t . After cooling to room temperature, 
the boric acid formed a transparent r ig id glass and was taken out for measurement, 
2 . 3 . Instruments 
The absorption spectra were recorded manually on a Carl Zeiss VSU 2-P 
Spectrophotometer. I t i s equipped with two continuous l i gh t sources — a deuter-
ium lamp (D2 - 0.3) for the u l t r av io l e t region, and a tungsten lamp (T-R,6V 30W, 
TGL 10619) for the v i s ib l e and near infrared regions. The detectors provided 
with the apparatus are a MQVS photocell , a MV photocell , and a lead sulphide 
photoconductive c e l l (Pbs—8) for use in the regions 200-650, 65O-IIOO, and 
600-2700 nm, respect ively. 
An Osram SOW high-piressure nssrcvtry lamp (with i t s glass envelope 
removed) was used as a source of uv i r r ad ia t ion . A quartz lens was placed 
between the lamp and the l^rocarbon-doped boric acid film in such a manner so 
as to condense the l i gh t on a c i r cu la r area of about one centimetre diamster 
of the film. No f i l t e r s were used for t h i s purpose. A temperatijre-controlled 
oven was used for i r r a d i a t i n g the films above room tenjierature (upto 110*^0). 
11 
2.4» ^feasu^ements and Accuracy 
All the absorption mea.si3rements were carr ied out at room 
temperature. Samples of different concentrations (ranging from 0,005 to 0,25 wt J)) 
were used for measurements. Special care was taken in preparation of the 
glasses of 1,2-bsnzanthracene and 3,4-benzphen'anthrene whose melting points are 
comparatively small and which often evaporate when mixed with the boric acid melt. 
The accuracy of the energy measurements var ies from 0.1 to 0.25 
kilokaysers in the spect ra l region tuader invest igat ion. Since i t i s impossible 
to make the reference and sample glasses exactly of the saflie thickness, the 
opt ical dens i t ies measured are not highly accurate. However, best efforts 
were made to prepare the filjns of the same thickness . The main drawback with 
boric acid i s that i t i s highly hygroscopic. Therefore, while carrying out 
nBasxirei en t s , a few small packets of s i l i c a gel were placed inside the sample 
conpartment wEri-Ch kept the glasses free from moisture for a suff ic ient ly long 
time. 
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C H A P T E R - 3 
EXPSRIMaiTAL RESULTS 
3.1* Effect of I r r ad i a t i on 
When the r ig id solut ions of the aromatic hydrocarbons doped 
i n boric acid glass were i r rad ia ted with uv l i g h t , they acquired permanent 
coloxirs which are charac te r i s t i c of the respect ive hydrocarbons. The r e s u l t s 
are presented in Table 3«1. 
TABLS-3.1 
Character is t ic colours of the aromatic hydrocarbons 
before and af ter uv i r r ad ia t ion 
Aromatic 
hydrocarbon 
Tstracane 
1,2-Benzanthracene 
Chrysene 
3,4- Benzphenanthrene 
Triphenylene 
Pyrene 
Original 
colour 
Yellow 
Colourless 
Colourless 
Colourless 
Colourless 
Coloxirless 
Colour acquired on 
uv i r rad ia t ion 
Green 
Brown 
Yellow 
Brown 
Blue 
Gre eni sh-yellow 
The electronic absorption spectra of these hydjrocarbons in 
boric acid gLass have been measured at room temperature i n the r e ^ o n 
200-1400 nm before and af ter i r r ad ia t ion with uv l i g h t . The spectra are 
displayed in Figs, 3.1 - 3.6, In the spectra of the i r rad ia ted samples, 
o 
o 
^ 
o 
o 
^ 
E 
c O 
5 o 
UJ 
< 
5 o 
o 
o 
o C^ J 
•I-/ 
J-
/ / 
f 
v. 1 -
\ \ \ • 
\ . 
<y^:-
_—— - - - -
r : • - - — ^ " ^ 
• • = - — _ J i ^ ^ ^ - - . 
~~—~~~—— -^^ -^ ^^ —_ - - - - - -
' ~~~~~~~"^-~'-«-^----
J 1 ( \ 1 " 
1 1 • 
J [-
1 , , 1 1 . 1 . , 
00 OJ ^ C 
o 
o 
C\J 
^ 
-^ 
"—^  
UJ 
•z. 
^ < 
O 
^ 
o lo 
? 
- — d 
AilSN3a IVDIldO 
13 
< i 
Q: UJ 
Q: > 
h -
LU O 
Cc UJ 
O CL 
U- "P 
UJ ^ 
CD ^ , 
in 
x: 
J:: 
(/I "-
i / ' 
2 2 
UJ 
a ^ O 3 
< 
ct 
y UJ 
O Z 
CD UJ 
t— 
z 
t- o 
5 ^ 
^ 1 -
° < 
o 
1 Z 
u g 
< 
^ Q 
m < 
< ^ 
tH ^ 
h -
cc 
U. UJ 
o •-u. 
< < 
1 — 
u 
UJ 
< 
Z 1 
O 1 
i= ' 
ex. ^ 
o o 
CO h-
CD < 
< R 
n 
g 
u_ 
i^ 
<g J 1 
o 
o 
o 
o U) 
• ' " ^ 
e 
c O ^  
I ^ 
H 
C? 
UJ 
_ j 
UJ 
> 
< 
58 
ro 
O 
o CVJ 
— 
-
-
, , n - ^ ' ^ ^ . . . • " " * ' " - • - " 
ASSIST""" - < • " 
- -==sc^j^-;:'"' 
' ^ v ^ ^ ^ ^ ^ L r r -
'^ » ~~~^  ~^ 
' • ^^-•''''^ 1 
"•• \ ^ 
••• ^ - ^ ^ / \ 
,-;l:^i^^ 
< < \ 
'• \ \ 
••••VN 
I ' l l -L — I 1 
cr> <x) r o 
O' O O 
AiiSNBa nvoiido 
:;•>" 
; 1 
: 1 
\ 1 
': r 
' • 1 
> 1 
• 1 
; 1 
1 
;• / I 
1 ' 
••' ^ r 
* \ 1 
. 1 1 -
* ' 1 
.••' / 
> / 
• • • • " " ^ / ' 
y 
/ < 
• I ' 
•• \ ' / \ / 
• \ 1 
.•• J / 
I 1 
2 
o 
CM 
,»-->. 
• — ' 
cr 
UJ 
CD 
z 
3 O 2 
ro i^ 
> 
< 
O 
'd-
o i n 
O 
14 
t 
< 
UJ 
O 
u. 
CD 
• N 
if) 
< 
o 
Q 
O 
< 
o 
s 
2 
O 
a 
^ 
o 
6 
1 
u 
UJ 
UJ 
< 
X 
1— 
< 
z 
UJ 
CD 
t 
rsj 
-\ 
» 
U-
o 
< 
cc 
1— o 
UJ 
CL 
o 
1— 
CL 
cc 
o 
I / ) 
CD 
< ) 
0 0 
6 
U-
>• 
UJ 
> 
o 
UJ 
CL 
UJ 
cc 
01 
x: 
L O 
<x) 
w^  
J:: 
Q: 
o 
U-
UJ cc ID 
5 
CC UJ 
a. z 
UJ 
f— 
8 
Q: 
t? 
< 
z 
o 
< 
o 
< 
ex 
> 
3 
CK 
UJ 
U-
< 
o 
z 
< 
1 
1 
z 
o 
1— 
< 
o 
15 
O 
o 
o 
o 
o 
--^  o 
E ^ 
^ o 
< 
rO 
••.\ 
O 
o 
o 
C\J 00 
d d o 
< 
ct 
tr 
I I I 
o 
U-
LU 
m 
i n 
< 
_ i 
o 
Q 
c ) 
< 
O 
rr 
o 
m 
7 
— 
.-^  
+--
i 
un 
o 
o 
o 
1 
o 
LLI 
LU 
> 
Ct 
T ( ) 
O 
<f 
cc 
t— 
o LU 
n (/> 
I I I 
> 
h -
fcd 
0 . 
LU 
a> h^ 
i n 
cc 
o 
u_ 
LU 
Ci; 
_) 
< 
Q: 
LU 
LL 
2L 
LU 
t— 
Z 
O 
f ) 
Ct 
t— 
< 
z 
o 
t— 
< 
Q 
< 
cr 
j > 
_) 
cc 
LU 
1— 
Li_ 
< 
LJ 
o 
o 
ir> 
CL 
CC 
o LO 
CD 
< 
1 
-<i 
O 
1— 
< 
o 
o \ilSN3a IVOIidO 
16 
< 
cc LC 
LU 
cr 
o U-
LU 
OD 
*% 1 
' 
in 
0^ 
< 
>-
„ j 
ijj 
> 
k-
I) 
UJ 
a. LO 
LU 
C£. 
(/I 
u. 
i_ 
in 
o 
o 
o 
<• 
AllSNSa IVOIldO 
LU 
X 
CL 
M 
z 
UJ 
CD 
o 
< 
o 
LU 
CL 
z 
o 
t— 
Q_ 
cc 
o 
CD 
< 
LJ_ 
od 
cc v^ ) 
Q: 
CD 
Z 
^ 
o 
o 
:? 
o 
o 
1 
u 
UJ 
z 111 
a X 
1— 
z 
o 
U-
LU 
CC 
D 
f— 
< 
tt 
UJ 
a. i 
LU 
t— 
? 
O 
n rr 
t— 
< 
z 
o 
< 
< 
CC 
> 
cc 
LU 
t — 
u. 
< 
Q 
I 
I 
z" 
o 
I — 
< 
o 
o 
^ 
o 
o (D 
^ ~ v 
e 
c O 
^ o 
X 
J— 
z 
UJ 
_J 
LU 
> 
< 
^ o 
o ro 
O 
O 
CM 
4 
li 
i"' 
y 
• 1 
/ J 
. ' • ' 
\_\ 
— 'I 
'M 
1 
1 
•1 
< ^ — 
' • • - ' 1 
1 
1 
' \ r 
••' 1 
'^ > 
; 1 / 
( 
• • ' ' 
• J 
C ''^^^' '' J > •" '' 
- — • • ' "^ J 
X -'' 
__.y.^->-^' 
zrir--r-r:^=rirr: —.-;.— r. .T*'^ 
C l g j j ^ 
~^'"^^^-^^-^^^^-^ - - . . 
-^^^^  
^ ^ - ^ i 
^ ^ - * C i 
' 
' ' • ' 
1 1 1 1 i 1 1. , 1 
a) f^ J T^) c 
— -" o 
AilSN3a IVOlldO 
o 
o 
CM 
o rO 
O 
^ 
o in 
> 
^ 
-i<: 
v _ / 
Qd 
LU 
Z 13 
:z LU 
> 
< 
5 
17 
o 
I— 
< Q 
< 
a: Q: 
ixJ 
Ct 
o 
LU 
CD 
< 
J 
Q 
< 
cc 
o 
cr 
z 
" o 
o 
(-Nl 
o 
o 
I 
o 
LU 
z 
LU 
>-
Z 
LU 
r 
• CL 
a 
1 — 
L L 
O 
< 
•— 
u UJ 
Q_ 
I/) 
O 
CL 
O 
CD 
< 
t n 
CO 
O 
U-
>-
_ i 
LU 
"> 
1— 
LU 
a. 
J) 
LU 
Q: 
L O 
oa 
u. 
J C 
o 
LU 
LU 
QC 
1— 
< 
UJ 
O-
2 
u 
t— 
:^  
o o 
cc 
) — 
z 
o 
^ 
< 5 
< 
cc 
cc 
> • 
- 3 
cc 
l l j 
1— 
u. 
< 
Q 
z 
< 
1 
) 1 
o 
o 
'sT 
O 
O 
(D 
'E 
a 
^ O 
« o X ^ 
2 
UJ 
UJ 
> 
< 
O 
O 
ro 
O 
O 
<\J 
a 
« 
1 
it 
V 
'i 
r,-
;; 
( 1 . 
I ; 1 
t • 1 I 1 
••.^ . ""--. 
" • • • ' * 
'N. 
1 •• 
\ 't / 
' '• / -
*=^ ^^ m5^ -^ * *^ ' 
'^'^"^ 
- ^^C^N 
^ \ j ) 
^Z / 
i?.— ' 
^ —• , , - ._ -_ . - W M W * ' * * * ^ 
^^ "^ T^ "^^ / J. ) ''' 
. . • ^ —, iT»»**^ • " " 
~— —— ^ ^"'"*''**'-*-'-*# ,^ 
"^ ***-—^  ~" --
\^^-^ \ 
.. . ., „i 1 1 .1 1 I 1 . I 
CD '^. O 
O O 
Ai lSN3a IVOUdO 
g 
o 
C\J 
o 
o 
o LO 
2 
^ 
^-' 
oc 
UJ 
3 
z: 
UJ 
> 
< 
5 
18 
z 
o 
< 
Q 
< 
cc 
UJ 
O 
1 
1/1 
< 
_ i 
o 
Q 
< 
O 
Q: 
O 
CD 
2 
^-, 
o 
in 
o 
o 
I 
o 
-~^ 
UJ 
z 
UJ 
cr 
> 
Q-
U. 
o 
< 
1— 
o 
UJ 
CL 
z 
o 
CL 
cr o (/) 
CD 
< 
1 
U3 
o 
u. 
• > • 
_ I 
UJ 
> 
>— 
UJ 
CL 
UJ 
I/) 
l£> 
03 
1.. 
x: 
^ 
cr 
O 
u. 
UJ 
Q: 
3 
f— 
< 
UJ 
CL 
z UJ 
o 
o 
(— 
< 
z 
o 
»— 
< 
Q 
< 
> 
3 
l i : 
UJ 
1— 
u. 
< 
Q 
Z 
< 
1 
1 
19 
a number of new bands appear in the v i s ib l e and near infrared regions* 
When the i r r ad ia t ion time i s gradually increased, many of the Tjltravlolet 
bands lose t h e i r i n t ens i t i e s with the corresponding increase in the i n t e n s i t i e s 
of the v i s ib le and near iafrared bazids* In some cases the s t ructures of the 
u l t r av io le t bands are also great ly modified, 
3 .2 . Effect of Solute Concentration 
The absorption spectra of the uv i r rad ia ted aromatic hydrocarbons 
in boric acid glass were measured at three or four different concentrat ions. 
In each set of measurements the i r rad ia t ion time was kept constant. The r e s u l t s 
are shown in Figs. 3.7 - 3.12, The iacrease in the solute concentration r e su l t s 
in the increase of the i n t ens i t i e s of the absorption bands. 
3 .3 , Effect of High Radiation Doses on the Formation of Photo-Products 
Once i t i s found tha t the concentration of the photo-products 
increases with i r rad ia t ion time, the question ari-ses whether the saturat ion 
of these species i s at tained at higher radia t ion doses. To invest igate i t we 
measured the op t ica l dens i t ies of the most intense lower-energy absorption 
bands for a l l the hydrocarbons at different i r r ad ia t ion times at two or th ree 
concentrations. The r e s u l t s are collected in Figs. 3.13 - 3.18. 
From these figures we find tha t for a l l the hydrocarbons, except 
triphenylene, the opt ica l dens i t i e s of the bands r i s e gradually with i r r ad ia t ion 
time and a t t a in a cer ta in maxiaium value for 10-20 hours of i r r ad ia t ion time 
and remain constant on further i r r ad ia t ion , A4 lower solute concentrations 
the saturat ion i s achieved a t a comparatively l e s se r i r r ad ia t ion t ime. On the 
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other hand, in triphenylene the optical di^nsity of the 710 nm band reaches 
a maxinrum in the i n i t i a l stages of i r r ad i a t i on , fcnit unlike those for the other 
hydrocarbons, the curve f a l l s dovm on further i r r ad ia t ion . 
3.4.Sffect of Temperature 
To invest igate the effect of temperature on the absorption spectra 
we carried out two se ts of measurenients. 
(1) The hydrocarbon-doped films were i r radiated at room temperature 
ard t h e i r absorption spectra were recorded af ter heating them to different 
temperatures. I t was found tha t the films retained t h e i r charac te r i s t i c colours 
o o 
upto 100 C but these colours were alncst completely destroyed at 110 C alongwith 
the disappearance of the cha rac t e r i s t i c spectra of the photo-product3. The 
r e su l t s are given in Figs, 3.19 - 3.2/+. 
(2) Besides i r r ad ia t ing the films at room teii5)erature they were 
silso i r rad ia ted at higher temperatures. Their spectra (Figs. 3.25 - 3.30) 
revealed t ha t there was hardily any perceptible effect of heating upto 100°G, 
but s l ight ctianges could be observed above t h i s temperature. When the films 
were i r radia ted at 110 C, no change in t h e i r colours was observed and the spectra 
resembled to those found for the unirradiated f i lms. 
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C H A P T E R - 4 
MOLECULAR 0R3IIAL MSTHODS 
4.1» General 
A sat i s fac tory descript ion of various s t a t e s of moleciiles and 
hence a sa t i s fac tory \inderstanding of the r e l a t i o n between the e lec t ronic 
spectrum and the molecular s t ructure invokes quantum theory. Stationary 
s t a t e s of a system consis t ing of nucle i and e lec t rons are characterized by 
the wavefunction V which are soliitions (eigenfunctions) of the operator 
equation 
^ Y '^ E i r , (4.1) 
where K i s the quantum-mechanical Hamiltonian operator of the system, t ha t i s , 
the operator whose eigenvalues E are the energies of the different s t a t e s 
of the system. Leaving apart the e lectronic and nuclear spins, the Hamiltonian 
operator for a molecule consis t ing of nucle i ( f , ^ >•••) and e lect rons 
( A , i*, • . . ) can be wri t ten as 
^ = 5 T. + Z T. +Z V. + r v , , + Z V, , , (4.2) 
1 /. '^  jy} ^^ /u\> /'*' / I ^> 
where T^ = ( - ^ ^ 2 K^ ) v | > T^= (- fi^Sm ) v / , V^ ,^  = z^Z;,e^/r^^, 
2 2 
V j^,= o / r , ^ , and V^^  = - Z^  e / r * . The f i r s t two terms are the k ine t ic 
energy operators of the ncule i and e lect rons respec t ive ly . The t h i r d term 
i s the mutiial potent ia l energy of repulsion of the nuc le i (with nuclear charge 
Ze) separated by a distance XgyX ZI means a sum over a l l pa i r of n u c l e i ) . The 
fourth term i s the repulsion energy of the e lec t rons , and the l a s t term i s 
the mutual potent ia l energy of a t t r ac t i on between the electrons and the nuc le i . 
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The equation (4.«l) can be solved exact ly for a one-electron atom, 
but not for many-electron atoms and molecules. The f i r s t step towards 
solving the above equation i s t o separate the e lect ronic and nuclesa" motions. 
This can be safely done because the e lec t rons move much fas ter than the 
nuclei so tha t they can be considered to adjust themselves instantaneously 
t o the posi t ion of the nuc le i . This separation of e lec t ronic and nuclear 
motions i s known as the Bom-Oppenheimer approximation. As a consequence 
of t h i s approximation we can write down t h e wave equation for the e lec t ronic 
motion as 
"^^^ ^ e ('i'^) = ? ^ / . -^  ^ ^z^-^ 2 : V (4.4) 
Here 3{-. (q>Q) i s the electronic Hamiltonian for the fixed nucle i ; i t i s a 
function of both the electronic coordinates (q) and nuclear coordinates ( Q ) . 
y- (q,Q) i s the e lectronic wave function character iz ing an electronic s t a t e 
of a molecule, and i t s eigenvalue E (Q) i s the e lect ronic energy of the s t a t e . 
Tte electronic wave function can be obtained by solving the wave equation for 
fixed posi t ions of the nuc le i . 
Once the nuclear configuration has been specified, the e lec t ronic 
Hami].tonian and the electronic wave function contain only e lect ronic coordinates 
as var iables . But the presence of the two-electron term (V^p) in (4.4) does not 
allow the e lectronic wave equation (4«3) t o be exact ly solved. I t i s , therefore , 
assumed tha t the electronic Hamiltonian can be wri t ten as a sum of <me-electron 
Hamiltonian operators H ^ : 
^e= p / . - ^^ -5) 
The one-electron Hamiltonian H^ may be wri t ten in the form 
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where VA i s the effective po ten t ia l acting on an electron A due to a l l 
the other e lectrons. The Hx i s cal led the effect ive one-electron 
Hamiltonian. Thus we can write down the e lec t ronic wave function as a 
product of one-electron functions f : 
V e = "^a ^^^ "^b ^^^ ••• "^k ^ ' ' ) ' ^^•'^^ 
where f ( l ) i s a function only of the space coordinates of electron 1. 
8. 
Therefore, the electronic wave equation (4»3) can be sepaprated in to n 
equations each containing the coordinates of only one electron 
H^ Y ( /•) » e "fiA)' (4.8) 
I f the eatplicit form of H for a specified nuclear configuration i s known, 
these equaticms caja be ea s i l y solved t o give the one-electron functions 
^ a . ^ b - - - ^ k • 
To determine the approximate e lect ronic wave functions and t h e i r 
energies the var ia t ion method has been found to be most useful . I f we choose 
an approximate wave function y , then the energy associated with t h i s wave 
function i s given ty 
\ - < T ^ | j e i H ; > / < r „ l Y ^ > , U . 9 ) 
where 36 i s the electronic Hamiltonian operator . The var ia t ion pr inc ip le 
s t a t e s t h a t , for the ground s t a t e , E i s always greater than the t rue energy. 
Therefore, minimizing the energy corresponding to an appropriate wave function 
* From here onwards we sha l l use 3i for the e lectronic Hamiltonian 3i . 
e 
4g 
i s a method for obbaitiing the best approximation t o the correct wave 
function of the system, A standard technique for obtaining appropriate 
wave function Y, i s to assume i t t o be a l i nea r combination of a f i n i t e 
set of known s ta r t ing functions 0 '• 
r = r C JZ5 , (4.10) 
q q q 
and to deterndne the best values for the coeff ic ients C ty the application 
of the var ia t ion pr inc ip le . This produces a set of (say n) simultaneous l i n e a r 
equations 
whore 
and 
Z: G (H - a S ) = 0 , for each p , (4 .1l) 
q q ^ Pq Pq ' ^ 
Hpq= < r p j : K i r q > > (4.12) 
pq 
The set of the secular equations (4.11) wi l l have non t r iv ia l solutions only i f 
' " " p q - ^ ^ p q l = ° ^^••'^^ 
This sectilar determinant may be ejqjanded into a nth order polynomial in E, 
By solving t h i s equation we obtain n values of E, each of which may be sub-
s t i tu ted back into the n secular equations (4 .1l) to give the n coeff ic ients C . 
The next problem i s to choose the set of known s t a r t i ng functions 
0 t o form the t r i a l wave function Y • For t h i s purpose, the molecular o r b i t a l 
(^D) method i s foxmd to be very much useful, especia l ly for the descr ipt ion of 
51 52 
large conjugated molecules. Hund and Mvilliken are generally credi ted for 
i t s ea r ly development. There are two pr incipal approximate methods for 
49 
obtaining the moleciilar o r b t t a l s : the ' f ree e lec t ron ' molecular orbi.tal (FEMD) 
method and the ' l i nea r combination of atomic o r b i t a l s ' molectilar o r b i t a l 
(LCAO MO) method. In the following we sha l l discuss the LCAO D^ nethod 
while a descript ion of the FEMO method shal l be given dn Section 4»3» 
In the LCAO MO method, the one-electron functions (MO's), f , 
are taken as a l inea r combination of atomic o r b i t a l s Y of the constdtuent 
P 
atoms: 
«f = 21 C Y . (4.15) 
The MO's "f are assumed t o be the ei gen functions of the effective one-electron 
m ^ 
Hamiltonian H so tha t 
H 4-^ = e f^ . (4.16) 
The coeff ic ients C can be obtained \sj using the var ia t ion method where 
we obtain a set of secular equations of the form (4»1l) . Tbe matrix elements 
H soad S now assume the forms: 
pq pq 
V ° < ^ p l ^ i ^ q > ' ^^ ••'^ ^ 
and 
^ p q = < X p | X q > . (4.1^) 
At t h i s s t a ^ i t seems appropriate to describe t h e ' p i e lectron 
approximation' which i s especial ly applicable t o conjugated systems. I t 
s t a t e s tha t the in terac t ion between the p i e lectrons and other e lectrons are 
comparatively small, and the p i electrons can be t rea ted as being separated 
firom the o t t e r e lect rons . All the nuclei and a l l the electrons forming the 
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Sigma bonds in a. molecule, are aaid to form the core . Each of the p i 
electrons can be t reated as being in the po ten t i a l f ie ld due t o the core 
and other p i e lectrons. Thus, i f the core po ten t i a l i s denoted by V^  , the 
electronic Hamiltonian for the pi electrons may be wri t ten as 
where the summation i s carried out over a l l the p i e lec t rons , BJ i s cal led 
the one-electron core Hamiltonian. The e lec t ronic Hamiltonian may be wri t ten 
as a sum of an effective one-electron Hamiltcaiian for the p i e lectrons, tha t i s , 
5e = Z H., (4.20) 
A ^ 
"^*^ H^= H J - V / , (4.21) 
rr 
where 1. represents the effective potent ia l act ing on a p i electron due to 
a l l the other p i e lec t rons . 
Returning back to Eqs, (4.17) and (4.18) the evaluation of H 
and S i s not straight-forward as the exact form of the effect ive one-
electron Hamiltonian, H, i s not known. To evaluate them Huckel made the 
following assumptions: 
(1) All the Coulomb in tegra l s are taken to be the same for 
each atomic o r b i t a l : 
Hpp = o<p = <^  . (4.22) 
(2) The resonance in tegra ls for the neighbour atoms are taken 
to be the same, but for the non-neighbour atoms they are neglected: 
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H = 6 
pq 'pq 
|3, i f p and q are neighbours, 
0, othervdse. 
(4.23) 
(3) The overlap in tegra l i s negLected for a l l the neighbour 
and non-neighbour atoms: 
pq pq 
(4.24) 
where 6 i s the Kronecker symbol. These approximations are cal led the Hiickel 
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approximations, and the LCAO ^D theory using these approximations i s simply 
called the Huckel theory. In t h i s method the parameters a. and ^ are chosen 
empirically so as to give the best agreement between theory and experiment. 
Considering the d ras t i c approximations made in t h i s theory, i t gives remarkably 
successful in te rpre ta t ion of physical and chemical phenomena, but i t does 
not give a correct pic ture of the electaronic spectra, e .g. i t cannot d i s t inguish 
between singlet and t r i p l e t s t a t e s . The fa i lu re of t h i s method i s generally 
due to th3 neglect of the reptolsion between the p i e lec t rons . 
Further development in the >E) method was made by writ ing down the 
t o t a l e lectronic wave function dLn the form of an antisymmetric Slater 
determinant 
f / 1 ) f^(l) . . . f^( l) ^^(1) 
^^(2) ^^(2) . . . yj2) f j2) 
X- / n i 
f^(n) f^(n) . . . vfjn) ^^(n) (4.25) 
where "f, and "f. are the spin orbitals ^ , <^  and "f, ji, respectively. This 
normalized determinant is usually written simply as 
52 
"^=1^1 1^ ^^2^2. . .^m^n.!. (4.25)' 
Such a wave function s a t i s f i e s the Patili exclusion p r inc ip le . This method 
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was la rge ly developed ty Goeppert-Mayer and Sklar and i s cal led the 
antisymmetrized molecular o rb i t a l (ASMD) theory. JPurthermore, the effect 
of the p i electron repulsion in the Hamiltonian was exp l i c i t l y considered, i . e . i t 
i s vjritten in the form 
H = f ^ * ^ eV^y. (4.26) 
Goeppert-Mayer and Sklar applied t h i s method to benzene molecule using 
essen t ia l ly no empirical information except the experimental bond lengths . 
Unfortunately, these calculat ions are extremely d i f f i cu l t being impractical 
for molecules la rger than naphthalene. 
The next stage in the development of the MD method was the 
inclusion of configuration in te rac t ion (CI) to t he ASMO method. I t i s 
found tha t with the inclusion of e lec t ronic repulsion terms in the 
Hamiltonian, the anti^rmmetrized configuration functions, ^ , no longer 
remain the eigenfunctions of the Hamiltonian: there can be nonz^o matrix 
elenents of the Hamiltonian between different configuration flmctions. To 
account for t h i s effect in the AS^ D method, an e lectronic s t a te ftmction ^ i s 
constructed from a l i nea r combination of the Sla ter determinants V : 
l^ = A^  If^ , + Ag Yg + •••• ('^•27) 
The energy of the system i s determined by solving the secular equation 
I H - E S 1 = 0 , (4.28) 
1 mn ran I ' s-r. / 
and the coeff ic ients A^ are determined by the simultaneous equations 
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where 
and 
? ^ m ^ H i m - ^ S j = 0 , m = 1 , 2 , . . . (4.2?) 
Another major development in the molecxilar o r b i t a l method was 
the application of the Heirtree-Fock se l f -consis tent f ie ld niethod to molecular 
o rb i t a l problems. The contributions of Lennard-Jones, Coulson et a l ? , and 
CO 
Roothaan are of great significance in t h e developEsnt of the XF MO method. 
This method has been rigorously applied to molecular systems, b i t the r e s u l t s 
are in poor agreement with experiment. Moreover, in i t s present form i t 
cannot be applied to large systems because of computational d i f f i c u l t i e s . 
Some of the shortcomings of the e a r l i e r methods were removed in the Pa r i se r -
59 60 Parr method, ' a deta i led descript ion of which wi l l be given in the next 
sect ion. A simplified version of the Par i ser -Par r method was given by 
Longuet-Higgins, Morrell, and Salem ' which gives good r e s u l t s despi te 
i t s s implici ty. 
4-.2, Pariser^Parr tfettaod 
To overcome the computational d i f f i c u l t i e s of the ASMO CI method 
and to cbtain be t te r agreemsnt between theory and experiment, i t was fe l t 
necessary to include soma empirical parameters i n the MO theory, A method 
which incorporates enjjirical elements in the ASMO CI method was developed 
59 60 ty Par iser and Par r , ' I t combines the advantages of the conventional 
simple LCAO MO method with the purely t h e o r e t i c a l AS^ D CI method, and i s 
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appl icat ie to a la rge var ie ty of chemical systems. 
I f we assume tha t the e lect ronic Hamiltonian 5^  of the system 
i s given by (4*26) and the molecuLar o r b i t a l s are of the form (4*15) j then 
the energy associated with the ground s t a t e i s given by 
where 
and 
\ = 2 f H°, . f r (2 J .^ . K , . ) , (4.32) 
H ^ - f f i ( / • ) H° f. ( / . ) d r (4.33) 
s [ i i I 3 J ] , (4.34) 
^ij = / V ^ ) "^ j ^ ^^  ^^ /^^ v^) ^i (^) J^ (^) '=<^  
£ [ i j I i j ] • (4.35) 
The H:. i s called the core energy of the MO W*., and J , . and K. . are the 
i^D Covilomb and exchange in tegra l s , respect ive ly . These are special forms 
of the core in tegra ls , 
H^. » | ^ ! ^ ( / . ) H^ r^ ( / ) dr (4.36) 
and tlM electronic repulsion in tegra l s , 
[ i j i k l ] ^IH-; ( / ) ^ j ( /> (eVr,^ ) Yj, (V)^l(*>) ^f. (4.37) 
Once the s t a r t i ng MO's are chosen, the problem i s reduced 
to the computation of the core in tegra l s and the e lectronic repulsion 
i n t eg ra l s . The former may be expanded in terms of the core i n t eg ra l s 
over AO's : 
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where 
H?. = r E C . C. H° , (4.38) 
i j P q iP jq Pq ^ ^ 
^q=<^Xp(/) I ^ 1 Xq(A)>- (4.39) 
Now we define the core Coxjlomb in t eg ra l of. and the core resonance 
in tegra l p as 
Ppq^ ^ p q = < ^ p ^ ^ ^ l H ° | X q ( ^ ) > , f o r p ; ^ q . (4.4l) 
The core one-electron Hajniltonian for the e lectron /* , cons is ts 
of the k ine t ic energy operator T(/^) and the core po ten t ia l f ie ld V^(/ ) . 
Thi.s potent ia l can be writ ten as a sum of contributions from each atom, 
and so the core Hamiltonian may be written as 
El^T(M) ^ VAA) + 5 , V ( / . ) ^ S / ( ^ ) ^ (4 . ,^) ju P qpp q V v^ 
Tidiere the atoms q are charged i n the core ( e . g . , a carbon atom in benzene) 
and the atoms v are uncharged in the core ( e . g . , a hydrogen atom in benzene), 
and where the as te r i sk connotes a potent ia l which i s due to a neut ra l atom. 
Further , 
V q ( A ) =V* ( > ) - Z q ( x * ( i > ) X q ( V ) ( e V r ^ ^ ) d r , , (4.43) 
where Z i s the charge on the atom n in the core. If, therefore , the AO'sX q ' ' ' p 
are atomic eigenfunctions in the sense t h a t 
[ T (/-) +Vp ( / - ) ] Xp ( / . ) =Wp X p ( / ) , (4.44) 
where W i s an appropriate atomic valence s t a t e ionizat ion po ten t ia l , - I , 
then Eq,(4.^i£)) niay be rewri t ten as 
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Here (pp \ qq) i s the Coulomb repxiLsion in tegra l between X and )( , g ^ 
y q 
C i s of the form: P 
Cp = ^ (q: pp) + ^ (v : pp) , (4.46) 
with , „ 
(q: pp) » - ^ X p ( / ) I V* ( / )| Xp ( / )> . (4.47) 
The in tegra l (qspp) i s cal led the Coulomb penetration in t eg ra l between X 
and the neutral atom q, and G i s the sum of the penetrat ion in tegra ls 
which may be taken to be a small constant and i s usual ly neglected. 
Similarly, using Eqs. (4.42) and (4.43) in Eq. (4»41)» we obtain 
P p q = ^ X p iA)\T (A) +Vp ( / . ) + V ^ ( / < ) | X ( / ) > , (4.48) 
which may be taken as a constant for given AG's and a given interatomic dis-
tance . Generally p i a assumed t o be zero except when the atoms p and q 
are d i r ec t ly bonded together where i t i s t r ea ted as an empirical parameter. 
In t he beginning, Par i ser and Parr chose the p>° value of -2,39 eV for the 
C - C bond in benzene; butt l a t e r on Pariser ^ used a constant p value of 
-2.371 eV for a l l the C - C bonds in acenes. 
To evaluate the electronic repulsion in t eg ra l s (4 .37) , i t i s 
f i r s t of a l l expressed in terms of in tegra ls over AG's as follows: 
[ i j i k l ] = r Z: ^ f C ^ p C ^ r \ q C ^ 3 ( p r | q s ) . (4-49) 
In t h i s expression (pr | qs) i s an electronic repiilsion in tegra l over AO's 
defined by 
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(pr I qs) - f X p ( /•) X^ ( / ) (eVi^,^) / ^ ( v ) / * ( V ) d T . (4.50) 
To obtain approxLmat© values for these in tegra l s , one makes the assumption 
of formal neglect of d i f f e ren t i a l overlap, 
Xp X r = 0 for p ^ r . (4.51) 
In t h i s approximation we take 
( p r | qs) = 5pj. 5qg (PP I qq) > (4.52) 
which simplifies the expression (4-49) as 
The problem i s thus reduced to the evaluation of a r e l a t i v e l y smaller 
number of Coulomb repulsion in tegra ls over AG's. 
6n Par iser and Parr assumed tha t the value of the one-centre 
Coulomb in tegra l (pp j pp) i s given empirically as the difference between 
the appropriate valence s t a te ionization energy I and the appropriate valence 
s t a t e electron a f f in i ty A : 
P 
( P P I pp ) = Ip - Ap. (4.54) 
65 Mulliken has given the values, I = 11,22 eV and A =0 .69 eV for the 
2pTT AO on the sp hybridized carbon atom. This gives the value of (pp I pp) 
as 10.53 eV. 
The two-Ci3ntre Coulomb in tegra l i s a function of interatomic 
dis tance. I t s values are determined from the -unifonnly charged sphere 
approximation, in which the charge dens i t i es e ^ are replaced by two 
tangent uniformLy charged spheres each of diameter R ; 
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R = ( ^ ) X (4.55) 
whsre Z is the Slater effective nuclear charge for the SpTT AO, Xp, 
and i t s value i s taken as 3.25. For R ^ 2.80 % , the value of the 
tvro-oentre Coulomb in tegra l i s given by 
(PP I qq) = (7.1975/Rpq) [ 1 + (l + 2.0/R^^y^^^ ], (4.56) 
and for R ^ 2.80 i , these are given by 
(pplqq) = (pP I PP) - 2.625 R^^ + 0.2157 R^^ . (4.57) 
In a l a t e r development, Par iser '* t r e a t s the one-centre and 
the nearest neighbour two-centre Coulomb in tegra l s as parameters to be 
deteiroined enjj i r ical ly from the spectrum of benzene. These in tegra l s were 
assigned the veiues of 10.959, 6.895, 5.682, and 4,978 eV for R = 0 , 
1.390, 2.407, and 2.78oX , respect ively. The values of (pp | qq) for 
R ^ 2.78 X, were calculated from Slater 2p7r o r b i t a l s with Z = 3.18, and i t 
was skjwn tha t these values may be derived exact a t l e a s t to th ree decimal 
places from the esq^ression: 
(pp I qq) = s/b - 3a/b^ + 8l s/4b^ (4.58) 
where a = Ze /2a;, , b = Z R JZ^ot and a, i s the Bohr rad ius . 
The matrix elements of the Hartree-Fock Hamiltonian operator F 
between the MO's f. and f. are expressed as 
f . 
F^. = HJ^ + ?: { 2 [ i j I kkj - [ik I jk] J , (4.59) 
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where ths sumniation extends over a l l the occupied MO's in the gronnd 
s t a t e configuration of the Bolecule. Expsndxag i t in terms of AO's 
we obtain, 
F . = r E c, c. F 
i j p q ip 3q pq 
= r z: I c. G. H^  + z; (2 of c. c. 
P q ^ IP jq Pq ^ kq ip jp 
where F is the matrix element of F between the AD' a X and X • We 
pq p q 
now define the p i electron density P and the p i electron bond order P as 
^ qq pq 
f p f 
• p = 2 r c, ; p^ = 2 z: c, c, . (4,61) 
qq f kq pq k kp kq 
Substi tut ing these values of P and P in Eq. (4»6o) and co l lec t ing the 
qq pq 
l i k e terms on both sides we obtain 
F = P° - i P;^ (PP I qq)j for p ?^  q , (4.62) 
pq 
^PP = ^^ P * "^ ^ P ^^ ' P^^ " q ? P ^ q ^PP ' "^^ ^ • ^^'^^^ 
Substi tut ing for « in e3q)ression (4«63) from the expi^ssion (4*54) acid 
neglecting C we obtain 
^pp '^  - I p -^  * Ppp (PP i PP) -^  q ^ p ^ ^ q - V ^ ^ ^ ' '^ ^^  • ^""^"^^ 
The expressions (4«62) and (4»64) have been given trjr Pople. 
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Using the pairing proper t ies of a l ternant hydrocarbons we find tha t 
the p i electron density 
Ppp «= 1. (4.65) 
Moreover, Z i s tinity for each carbon p i cent re . Thus, the F matilx elements 
over AO's may be ejq^ressed as 
Fpp = - I ° + i ( P P I P P ) . (4.67) 
The l a s t expression shows tha t in an a l ternant hydrocarbon F i s the same 
for each carbon p i centre, and t h i s constant does not appear in the expression 
for the electronic exci ta t ion energies . 
Several attempts have been made to improve the Par iser -Parr method 
tgr varying the resonance in t eg ra l with bond length, overlap in tegra l , or the 
bond order. Such re la t ions for the variat ion of ^ are given by Fischer-
Hjalmars, Nishimoto and Forster , Hloor et a l . , and Flurry and Bell. 
We sha l l , hoi\rever, not go into the d e t a i l s of these approximations. 
Another approach in the improvement of the Par iser -Parr method i s 
re la ted to the evaluation of two-centre Coulomb in t eg ra l s . In t h i s connection 
71 
we would especially l ike to mention the I«Iataga-Nighimoto approximation 
according to which 
(PP I qq) = J ^ ^ , (4.68) 
pq 
where 
a = 
JA.J286 (^^69) 
'• P P q qJ 
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Using t h i s approximation very good r e s u l t s have been obtained for the 
t r ans i t i on energies in aromatic hydrocarbons, 
4 . 3 . Free Electron K^thnd-
The free electron model was developed to study the proper t ies of 
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conjugated molecules. I t i s based on t h s assuir^jtion t h a t the p i e lect rons 
of a conjugated nclecuLe are free to move in a region of space under a poten-
t i a l which, in the f i r s t approximation , i s constant, and outside t h i s region 
i t i s i n f i n i t e . Therefore, t h i s problem can be t rea ted as the problem of 
' t h e p a r t i c l e in a box' . In general, the po ten t i a l well shotJld be three 
dimsnsional. However, from the molecular point of view the only freedom of 
motion of the electrons of in t e re s t i s the motion along the bonds of the 
conjugated system. Therefore, the problem essen t i a l ly becom=!s one dimensional. 
I f V = 0, then the wave equation may be writ ten as 
? ? 
- ~ ^ = E . 0 , ( O ^ x ^ 1 ) . (4.70) 
dx 
the solution for which i s 
0^ = / ( ^ ^ sin (7Tn/l) X, (0 ^ x ^ 1 ) , (4 .7l) 
with 2,2 
S^  = 2 - V » (4.72) 
where 1 i s the length of the potent ia l well or box and n i s an integer . This 
model can be used to explain the spectra of long linesir conjugated polyenes. 
For a f l a t molecule, such as an aromatic hydrocarbon, the e lec t ran can bo 
confined to a two-dimensional box, and the solution of the wave equation wil l 
give the probabil i ty of finding the electjron anywhere on the surface. 
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In the free electron network model developed by Ruedenberg and 
76 Scherr i t i s assumed tha t the sigma electrons form the sigina bonds which 
maintain the geometrical s tn ic ture of the molecule, and the molecular 
framework stripped of the p i e lectrons forms a ' skele ton ' or ' co re ' which, 
due to i t s posi t ive charge, crea tes a po ten t ia l binder whose influence a l l 
the pi electrons nove throughout the en t i re conjugated chain. Moreover, 
in the f i r s t approximation, the e lect ronic in teract ion between the pi e lectrons 
i s neglected so tha t the electrons move freely independent of each o ther . 
The necessary conditions for determining the wave functions for t t e whole 
network are tha t they sha l l be continuous at the jo in t s , and tha t the sum 
of the f i r s t derivat ives along each bond, measured away from any jo in t , 
shal l be zero. The wave equation for the e lec t ronic motion may be writ ten as 
[- ^ ^ dF ^^  •*• ^^ ^^  ] ^ ^^ ^ 'fi ^^''^' (^ •'73^  
I f the potent ia l V(x) i s constant throughout the en t i r e free electron 
path, i t can be assumed to vanish iden t i ca l ly . The solution of the above 
equation may be written in the form 
f6Jix) = f ^gn (x), (4.74) 
with +2 o 
where 0„ (x_) i s the par t of the wave function on the branch B of the system, 
and ar,, k , and $„ are the amplitude, wave constant, and phase, respect ively. 
The energies, S , associated with the wave functions, JZ5 (x) , may be revnritten as 
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v/bere a, = ti / e m i s tbe Bohr radius , EL, «= e / 2 a o i s the ionizat ion poten t ia l 
of the hydrogen atom, k* = k D i s a dimensionlesa constant, and D = 1 . 4 A 
i s t t e average bond length in the conjugated molecules. 
In order to l ink up the bond functions in the network i t i s 
convenient to use the re la t ion 
where > i s a rb i t ra ry . I t shov;s that the magnitude of the wave function 
at an atom P^ i s re la ted to tha.t an atom P , at the other end of the bond. 1 o ' 
by the re la t ion 
0^^(Pl) "COS (V^^ln^^o^" '^^^" ' ' ^ ^ ^^n°^ 
( d ^ ^ / d x ^ p ^ . ( 4.79) 
Similarly, i f atom Pg i s joined to P ty another bond 2 of the same length, 
then 
fi^i^^) = cos ( V ) ^ ^ ( P ^ ) + (k^)- ' ' s in (k^D) 
{^^^^z\ • (4.80) 
Similar estpressions may be obtained for each atom joined to P . Adding a l l 
77 such equations for every atom P_. joined to P , we have 
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where the atjmination i s over a l l th© bonds arr iv ing a t P , From the 
continui ty condition j25„ (P ) nust be the sajne for eech bond B arr iv ing 
at P , and from the conservation condition ^ (dJ^VdxT,)- must be zero, 
o 
Thus the expression (4-^1) reduces to 
f 4 ^ V - So °°^  ^\^^ 4 ^^ 0^  = °' ^^-^^^  
where g i s the number of bonds a r r iv iag at P . 
o o 
Since for each atom there i s a r e l a t i on of the type (4»S2), one 
finds exactly as many eqiiations as there are atoms. Hence a system of N 
homogeneous l inear equations are obtained for the N quant i t i es jZ5(P ),0(P ) , . . . 
0(P>,). This may be wri t ten as 
F f6 = 0 , (4.83) 
where ^ i s the free electnn eigenvector (column vector) whose elements are 
0(^)f j25(2), . . . jZS(N) which the eigenfunction j6ix) assumes at the N atoms 
of the conJTigated s t ructure , and F i s a matrix which can be eas i ly constructed 
i f the structure of the molecule i s known, Soliitions of the secular equa-
t i ons (4»83) are found by solving the secular determinant 
I F I = 0 . (4.84) 
This gives a set of eigenvalues F ( = 2 cos k D), When the eigenvalues 
are foimd, the eigenvectors j6 can be determined as solut ions of (4«83) and, 
f inal ly , the wave functions /?5 (x) can be calculated. 
The free e lectron network model was extended by Ham and 
78 Ruedenberg to include the p i electron in te rac t ion . Thus, the t o t a l 
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Hamltonian of the conjugated system may be vnritteiri as 
je = E H^  + r e % „ , (4.85) 
with 
ig = ( . tiVsm) v f + U (x^ , y^, z,) . (4.86) 
In e:!q)resslon (4.86) the f i r s t term i s the k ine t ic energy operator of the 
electron JU , and the second term i s the po ten t ia l of the molecular framework 
which i s held together by the sigma elect rons . In order to simplify the 
K-electron problem, i t i s assiimed tha t the e lectronic in te rac t ion can be 
divided into a large average shielding effect expressed as an effect ive 
po ten t ia l , and a small term which cannot be expressed as a sum of one-election 
po ten t i a l s , i . e . 
j u (x^  , y^  , 2^  ) + g^^ /^^ v) =5 Wy/.>^A> 
+ U^(x^»yT*z^» ••• ^ ^ ' ^ N ' ^ ^ ' (4.87) 
where U (x,y, z) i s the t o t a l effective one-electron po ten t ia l and 
U.(x^,y^,z., ^'3^N'%^ ^^ °^ perturbative magnitude. The orthonormal 
solut ions of the one-electron Schrodinger equation, 
{ (- t,^/Zm) V^ + U^(x,y, z) } f^  = £^ H*^ , (4.88) 
are cal led MO's. 
The choice of appropriate one-electron H) 's i s very important 
in constructing good many-electron wave flmctions. This requires the 
assumption that the electrons are confined in a potent ia l well which has 
cer ta in aspects of a tube followijig the bond path. Furthermore, x i s 
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chosen to be tangent ia l to the bond path and z to be perpendicular to 
the molecular plane. The width of the tube i s such tha t the lowest t ransverse 
exci ta t ion energies ( for y, z motions) are la rger than a l l the longitudinal 
exci ta t ion energies considered. Final ly , the potent ia l must be constant 
in tha x d i rec t ion. With these assun^itions the FE^D• s may be wri t ten in 
the form 
H^{x,y,z) » f (y,z) je5^(x), (4.89) 
where the factor f(y, z) remains the same for a l l o rb i t a l s and vanishes a t 
the wal ls . The corresponding energies are given fcy 
n c n 
with p 
%=^^^/°)- (4.91) 
In Eq. (4.90) the f i r s t term i s the k ine t ic energy of the longitudinal 
t r t 
motion, E i s the kinet ic energy of the t ransverse motion, and E i s the 
constant potent ia l inside the tube. 
The ground s ta te energy of the p i electron problem may be 
wri t ten in the form: 
^ o » 2 f H ^ i + f ? { 2 [ i i l j j ] - [ i j l i j ] } , (4.92) 
where the core in tegral , 
H^ ^ -jyA) H° H'.(/.) d f ; (4.93) 
* In expression (4.90) the factor 3/4 was introduced to f t a f i l l cer ta in 
condition for the o rb i t a l energies . 
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and the e lectron in terac t ion in tegra l , 
[ i j | k l ] = | 4 ' i (A) t . {A)ie^/r^^ )\{V) \ i ^ ) dT, (4.94) 
Thus, the main problem i s the evaluation of the core and electron in teract ion 
in t eg ra l s . 
Using the eaqpression (4 ,89) , the Eq. (4.94) inay be inritten as 
[ i j I k l ] =({ jZ5 (^x )^jZ5j(x^ )G(x^ ,xy )0j^(x^ ) 0 ^ ( x ^ ) d x ^ d x ^ , (4.95) 
with 
G(x^,x^)= i .J ^(3^ >^^)(«V5,^)^(y, >^p)dQ^dQ.' (4.96) 
Q(x^ ) QC^YJ ) '^ 
where Q(x/,) i s the cross section of the tube of X/, and dQ. i s the area 
element on t h i s cross sect ion. G(x/ ,Xj^ ) represents the mutual e l ec t ro s t a t i c 
energy of two area charge d i s t r ibu t ions of the form i{y, z) on the two areas 
3(x - ) and Q (x^^ ) . For large dis tances 
G (x^ ,x^ ) = e^R^j , , (4.97) 
where R.^ = R (x. , x^ ) i s the distance between the points (x , ,Y. = 0 , ZA =0) 
en*^  (Xj> * X, =' 0, Zy =i 0 ) . Since G (x , , x^ ) has a f i n i t e value at 11^ ^= 0, 
therefore i t vd l l be approximately described by the functional dependence 
G (x^ , Xj^  ) =^[R(x^ ,x j , )] . (4.98) 
The function -^(R) depends upon the tube width and the expl ic i t form of the 
transverse factor f {-jtz) both of which are not specified. Therefore, for 
small values of R, the shape of •§(R) i s determined semi-enjpirically from 
the benzene spectrum. The conplete form of the in teract ion fUnction G(P, Q) 
i s thus given in un i t s of E and D as follows: 
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5.981, for RpQ = 0, 
3.831, for % = 1, 
G(P,Q) » I 3.086, for Rp^ = j T , 
2.646, for Rp„ = 2, 
5.2915/RpQ, for . RpQ ^ 2. (4.99) 
The evaluation of the electron in teract ion in t eg ra l (4.95) 
involving the function G(x/ , Xj^  ) i s quite complicated. Therefore, Ham 
and Ruedenberg carried out the double in tegrat ion of Eq. (4«95) numerically, 
which leads t o t he expression: 
[ i j ( k l ] = f | : L p LQ t>p) JZ5^ (P) G (P,Q) /2Sj^ (Q) j2S (^Q), (4.100) 
where Lp or L-. i s the bond length of the atom F or Q such t ha t 
\ (4.101) 
D, i f P i s nonjoint, 
3/2 D, i f P i s j o i n t . 
Bfy v i r tue of Eq.(4.90), the k ine t ic energy operator leads t o the 
in tegra l s . 
with 
< 4 ' . I (- tiVsm) V^ l l ^ . > =(iE^ W\ + E^^) Sij 
= ( € ^ - E^) ^ i j . 
The framework in tegra l may be wri t ten as 
< ^ i | U | ^^> = l^ i (x ,y ,z) U(x,y,3) T.(x,y,z) d7 
= | ^ i ( x ) V(x) 0^(x) dx, 
V(x) =}f^(y ,z) U (x,y,2) dQ. 
Q(x) 
(4.102) 
(4.103) 
(4.104) 
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Farther, the frairework potent ia l may be approximated as 
V(x) = - f G(P,x). (4.105) 
Subst i tut ing i t in Eq. (4.103) and carrying out the numerical in tegrat ion, 
we obtain 
<^  ^. j n I tf. > = - E 2: LQ 0i(Q) 0j(Q) G(p,Q). (4.106) 
Now we write down the general expression, | f., T. \ , which 
frequently occvirs in the calcula t ions: 
{H'i, Y^) = a j H ° | M ' . > + 2 : { 2 [ k k | i j ] - [ k i ( k j j } , (4.107) 
where the summation k extends over a l l the f i l l ed MO's. Taking into accoimt 
the in tegra ls (4»100), (4.102), and (4,106), the above expression may be 
writ ten as 
- i- Z Z ( I ^ L J * p(P,Q) ^ . (P) ;ZS.(Q) G(P,Q), (4.108) 
? q ^ ^ J 
with „ 
a(P) =Iv> Z. 2 0I (?), (4.109) 
^ k ^ 
p(P,Q) = ( L p L / | 2 / 5 j ^ ( P ) ^ k ^ Q ) . (4.110) 
The quanti ty a(P) represents the grotmd s t a t e popiilation on atom P, and 
the quantity p(P,Q) for atoms P and Q i s similar to the groxrnd s t a t e bond 
orders used in the LCAO MO theory. 
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G H A P T E R - 5 
APPLICATION OF MDLBCULAR ORBITAL METHODS TO ION RADICALS 
5 . 1 . General 
The molecular o r b i t a l methods described in the previous chapter 
were e s sen t i a l ly developed to study the spectroscopic propert ies of molecules. 
These net hods may also be applied to ion r ad i ca l s to study ttasir e lec t ronic 
spectra and s t ruc tu re . Their application to such systems, however, i s not 
straightforward and i t requires the knowledge of sone empirical data for the 
ions which, unfortunataLy, are not generally known. This problem may, in 
Part , be overcome by using the same data for the radical ions as those 
already known for the neutra l molecules. The theore t i ca l formulations 
developed for the molecules may then be applied to ions af ter s l ight modifica-
t ions and f ina l ly the configuration in terac t ion matrix elements may be cons-
tructed for the calctilation of the f inal s t a t e energies. 
5»2» Present State of the Li terature 
We r e s t r i c t our at tent ion to the ion rad ica ls of even a l ternant 
tC^irocarbons. This c lass of hydrocarbons i s of special i n t e re s t in view of 
the fact t ha t t h e i r pairing p r o p e r t i e s , ^ ' lead to iden t ica l spectra of 
79 So the i r pos i t ive and negative ions . ' Various theore t i ca l methods have been 
used from time to time to explain the spectra of the conjugated ion radicals* 
8l Of great importance i s the pioneering work of Balk e t a l . who employed a 
simple Hiickel method with very limited configuration interact ion to calc\i late 
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the t r ans i t i on energies of polyacene anions. Somewhat more sophist icated 
msthods (Pariser-Parr , s inpl i f ied Par iser-Parr and Pople methods) were 
82 
used by Muri*ell e t a l . for the study of naphthalene, anthracene, and 
83 te t racene anions, and by Trinajs t ic -^  for te t racene cat ion. Further 
improvements in the calculat ions were made by I s h i t a n i and Nagakura ^ 
who constructed the detencmental functions from the Longu«t-Higgins and 
Pople SCF MO'a and used rather extensive configuration in te rac t ion . They 
86 
studied the anion radicals of subst i tuted aromatic hydrocarbons. Wasilewski 
made calculations for naphthalene ions using a semi-empirical open-shell 
SCF method including a l l sin&Ly-excited configurations, Zahradnik and 
87 Carsky calculated the electrcnic spectra of a large number of conjugated 
radical anions with the help of a semi-empirical SCF method with large 
configuration in te rac t ion . Similar ca lcula t ions were made by Shida and 
88 Iwata where they also included some doubly-excited configurations. 
Recently, Zaidi and Khanna * and Khan e t a l . have used the FSMD method 
90 
and the t ight-binding and in t r a - r ing approximations for studying the 
electronic spectra of hydrocarbon anions. Their calcii lations were based 
8l 
on the configuration in te rac t ion method given ty Balk et a l . 
5 .3 . Method of Calculation 
We present here a treatment for the calculat ion of the 
electronic spectra of anions. The r e s u l t s based on these calculat ions 
are exactly valid for cations as wel].. 
72 
The t o t a l Hamiltonian for a mononegative ion vdth 2n+1 p i 
electrons may be writ ten as 
^ 2n+1 2"+1 2 , , V 
where the summation extends over a l l the p i e lec t rons . I t i s presumed 
that in the ground s ta te of the mononegative ion, the 2n p i electrons 
occupy the n bonding o rb i t a l s and the odd electron occupies the f i r s t 
antibonding o r b i t a l . We assume tha t for large conjugated systems the vmve 
ftaxtions and the o rb i ta l energies for the ion are not different from 
those of the molecule. I t i s also assumed tha t the molecular framework 
for the mononegative ion and that for the neut ra l molecule wi l l be saB©. 
A doublet ground s ta te of such a system can be described ly the Sla ter 
determinant wave function 
^'ra-l'f,'f,%%-%Xfr,,,\ (5.2) 
constructed from the one-electron MO's, "f. • 
Kow we introduce the folloTving convention for the subscripts : 
i and j shall be used for arb i t ra ry MD'sj a and b denote the doubly-occupied 
MO's; m stands for the singly-occupied MOj and x and y correspond to the 
unfil led ^30's, Thon the esq^ression (5.2) for the ground s ta te wave function 
may be rewrit ten as 
V^= \:,= \'^^^^ - ^ a % - m^l ' ^^'^^ 
To construct the excited s t a t e wave ftxnctions of the system, we 
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consider the one-electron exci ta t ions of the p i e lectrons from the 
completely- or p a r t i a l l y - f i l l e d hO's to the p a r t i a l l y - f i l l e d or vmfilled 
>iO's (Fig, 5.1) and classify them as follows: 
(1) I (m-^-x); 
(2) A (a-»>in), a = m - 1; 
i B(a-*in), a^.m - 1 : B^^g^3(a-.x). 
The corresponding antlsynimetrized wave functions are : 
^Vx 
^ ^ A 
^Bo 
V 
^ B 1 
^3Z 
VB3 
5 
= 
= 
Se 
= 
= 
= 
^m->x 
a-»-ni 
^a -* in 
2v . 
~a-*x 
^a-*x 
~a->>x 
=1^1 ^1 ••• ^a ^ a - ^x 
H ^ l ^1 ••• '^ a \ - - % i l ' •^ = "^•'5 
=1 ^ 1 ^ ••• '^ a ^ x - ^J ' 
^ ' ^ l "^ 1 - ^a ^ x - "^ ml • (^ -^ ^ 
Since the wave functions ^ Bl , ^B2, and ^B3 are not the 
2 
eipenfijnctions of the spin operators S and S , we take the following 
z 
mutually independent combinations: 
m "^ -H- -^ -h -^ 
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m + i 
m+i 
X ,y 
+- - i - -4- i 
-1-4f- ^ - ^ 4 f 4 f 4^ -^ 
-^ >4f 4^ -H- 4- + -^ ^ 
Bo B, B^ B3 
. a , b 
FIG 51-THE CLASSIFICATION OF GROUND AND EXCITED STATE 
CONFIGURATIONS OF ANION 
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VBS ^ V : ^ , = l / y 3 ( ' ' 'B, -"^K^^BS) • (5.5) 
Since doublet-quadruplet t r ans i t i ons are s t r i c t l y forbidden, the quadruplet 
wave function VRC stiall not be considered here . 
The CI matrix elements for doiibLets constructed from Longuet-
Higgins and Pople SCF MO's were derived by I s h i t a n i and Nagakura ^ whose 
87 
corrected version was given by Zahradnik and Gar sky. However, the most 
complete matrix elements representing a l l the possible combinations of the 
doublet ground s t a t e and the excited s t a te wave functions were given by 
86 Wasilewski . Such matrix elements can be expressed in terms of the 
electron interact ion in t eg ra l s , [ i j | k l ] , and the elements of the matrix E 
86 
which are of the following types: 
^ab = ^ab "^  ^ ^^ ' °^^ ^ ^^^ ^'^ ' '^"J 
^on, = I»«, + [am I inm] am am •• ' J 
^ax " -^ax "^  l ax I mm] - l / 2 [am | mx] 
E = 1 + 1 / 2 r mm I mm 1 mm mm ' L i j 
a =1 
mx mx 
E ^ = 1 ^ + [mmlxyj - 3/2 [ntx ImyJ, (5.6) 
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with 
^ij =" i j •" 1^  (2 lkk | i j ] - [ki 1 kjj), (5.7) 
where the summation extends over a l l the f i l l e d ^ € ' s , 
Wasilewski has given the formulae for the CI matrix elements 
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which, af ter correction and with some minor changes in t h e i r notat ions, 
are rep3X>duced in Table 5 . 1 . 
For the CI calculat ions a standai^ procediire has been adopted 
in which a configuration of the ground s t a t e , 4 configurations of type I , 
one configuration of type A, 3 configurations of type B^ , l6 configurations 
of type Bft , and 16 configurations of type By are taken into consideration. 
The t o t a l number of 41 configurations represents , in addition to the grotind 
s t a t e configuration, a l l the configurations ar i s ing formally from the one-
electron t r ans i t i ons between the four highest doubly-occupied o r b i t e l s , the 
singly-occupied orb i ta l , and the fota* lowest vacant o rb i t a l s (Fig. 5 .2 ) . 
For triphenylene, in addition to the above 41 configurations we also considered 
one more configuration of type I (10-•15) and two configurations of type B^c 
(4 ->10 and 5 ->10), 
Once the f inal s t a te energies are calculated we proceed t o the 
calculat ion of the osc i l l a to r strength, f, which i s a measure of the in tens i ty 
92 
of an electronic t r ans i t i on . I t i s eDqjressed as 
fw. = 1-085 X 10"^ V M^ , (5.a) 
mn ran mi ' 
where l) i s the frequency of the t r ans i t i on ( in cm" ) and M i s the 
t r a n s i t i o n moment ( in uni ts of A ) between the electronic s t a t e s W and u; « 
'm 'n 
I t i s defined by 
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T A B L E - 5.1 
iSlements of the configuration in terac t ion (CI) matrix 
Configurations Elements of the CI matrix 
'Vic ' f i • ^ ' n l 3 t | ' v i > 
^Lti ^u/ ^ (Total p i -e lec t ronic energy of the grovmd state) 
' m ' m 
a->m am 
m-*x mx 
^ / S " E ^ 
a-»x V ax 
^ 1 - x - > [ V 2 [ a m | m x ] 
^"^a .m ^ ^ a ^ m m^m " \ a ^ ^/^ [ ^ I "^1 " ^/^ t^'" 1 ^ ] ' [^^ I ^ ] ^ ^o 
^if ("am I mxl 
^ m ^ x L ' J 
^ ^ a - * x / V 2 ( E ^ + 2 [am| a x j - [ a a | mx] + [mm | mx] ) 
^^b->x >/l72(2 [ a m j h x ] - [ a b | m x ] ) 
^ ^ l - > x - ^ / ^ ^ " V "" t^^ I "^3 - [mml mx] ) 
' ^ b - > x >r37"2 [ab I mx] 
\ - x ^"^m.x ^xx - m^m ^ ^ S [mm | mm] + 3/2 [mx | mx] -[mm j xxj + S^ 
^"^m^y ^ x y ^ ^ / 2 [mx ] my] . [ m m | x y ] 
^^a ->x ^ ^"^am"'^ [ax ) mx] - [am | xx] + [am | mm]) 
T\-^75 
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Table 5.1 (Cont.) 
Configurations Elensnts of the CI matrix 
2,., 2,., / 2 , . , iHo I 2, 
'H^k "^1 ^ V k l ^ ^ l ^ 1 > 
< - » x >r372 ( - \ - [ a m | x x ] + [am |mm] ) 
X^y ^ ^ (2 [ay 1 HOC] - [am 1 yx] ) 
2 ^ 
a-»X Al - / - > - g ^ J J J 
2 
^ a . y - ^ / ^ [ a m | ^ J 
^ i^f^  E - E + 2 r a x | a x ' l - f a a l x x T + [am I ami +[mx|mxl+% 
^^b -*x -\h + 2 [ax I bxl - [ a b | xx] + [am | bm] 
V ^ ^ y E ^ •»-2 [ax ) ay] - [ a a | xy] + [mx ] my] 
^"^h.j 2 [ « ^ | b y l - [ a b l x y ] 
V a ^ x ^ / 2 ( [ a m | a ; n ] - [ m x | m x ] ) 
^ " ^ b - x >n/2LamlbmT 
b-»y 
2 z 2 / 
~a-*x ^ a - * x x x - E + 2 fam I am] - [aa I xx] + 2 [rax | mxl + E 
^"^b^x - ^ a b " Lab 1 ^ 1 + 2 [am|bm] ab 
a-*y xy ^ l - * v "^xv" C ^ ^ l ^ l + 2 [ n K l n Q r ] 
^ ^ ; . y - l a b l x y ] 
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M = (<f*( Z r ) y d T , (5.9) 
inn J m ^ ^ /< ' n 
where r / i s the position vector of the /<i t h electron measured from an 
a rb i t r a ry o r ig in . Further, the t r a n s i t i o n momsnt can bs resolved into 
three components as follows: 
M^  = ^f ^ + I^ / ^ + ^ f \> (5.10) 
nm nin(x) inn(y) n i i (z ) ' ^^ • ^ 
where 
V z ) - f ' C ( p / , ) % "^ ^ • (5.11) 
Since the s t a t e functions ^ are l inea r combinations of configuration wave 
functicsns, M can be expressed in terms of a sum of t r a n s i t i o n moment 
' mn -^  
i n t eg ra l s between configurations. Each of these in tegra ls may, in turn , 
be reduced to so. in tegra l whose integrand i s a function of the space 
coordinates of a single electjron. That i s , i t i s of the form 
nu. =S ^ i (/6) r (/.) f. ( / . ) dT . (5.12) 
In the LOAD MO and FilKD nethods i t may be expressed in simpler forms: 
2 C. C. r , (LCAO MO) 
p iP JP P ' 
m. i j S \ ^ i (p) ^j(p) ^p^ (Fiil'^) (5.13) 
where G. ' s are the Hiickel eigenvectors, /5 . (p) ' s are the F3 eigenvectors, 
and r and L are the posit ion vector and the bond path of the pth atom, 
respect ively . 
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5.4. Parameters 
In the free electron and the Par iser-Parr cethods i t i s 
assumed tha t a l l the aromatic molecules and t h e i r ions tmder invest igat ion 
are planer having hexagonal geometries with the constant bond length of 
1.395 A. In the FEMO method the only empirical parameters used are the 
electron interact ion terms, G [See expressions (4«99) ] . Similarly, 
the Qoulomb repulsion in tegra l s in the Par iser-Parr method are evaluated 
empirically. In the present ca lcula t ions we have used the values of these 
in t eg ra l s as obtained by the Par i se r (P) and Mataga-Nishimoto (M) 
approximations. Itoreover, in the l a t t e r case the value of t he one-centre 
Coulomb in tegra l has been chosen t o be 10.53 eV, The Par iser-Parr nethod 
usa.ng these approximations sha l l be cal led as the PP(P) and PP(NN) methods 
respect ively . Another empirical parameter used in the- PP nethod i s the 
core resonance in tegral , p , which i s taken as -2.371 eV for neighbotor 
carbon atoms and zero for non-neighbour atoms. 
5»5m Computational Procedures 
We have developed computer programs for the Par iser -Parr and 
free electron calcula t ions . The proframs were writ ten in the Fortran 
language and the calculat ions were performed on an IBM 1130 Computer with 
l6k core memory at the Computer Centre, Aligarh ^hislim University. Because 
of core memory l imi ta t ions the ca lcula t ions were divided in to many pa r t s 
and for each part a separate pro gram was made. 
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The f i r s t of these prograjns i s designed t o compute the Hiickel or 
free electron eigenvalues and eigenvectors , and the matrix E for the anion. 
In the PP method, the nair.e of the molecule and the number of conjugated 
atoms and t h e i r Cartesian coordinates are provided as input da ta . From 
t h i s input are computed a l l the interatomic dis tances and, from these , the 
Coulomb, repulsion in tegra ls are calculated. Furthermore, the input topo-
log ica l matrix i s diagonalized using the J acob i ' s procedure to give the Huckel 
eigenvalues and eigenvectors. These r e s u l t s are used to calculfeite the 
bond orders and charge dens i t i es , the matrix F over AO's, and the matrix F 
over MO's. Prom the Huckel eigenvectors and the Coulomb repiil-sion in tegra ls 
are calculated the electron interact ion in t eg ra l s over MD's, and i i n a l l y 
the matrix E for the anion i s computed. The data for the atomic coordinates, 
the eigenvectors, the electron interact ion i n t eg ra l s , end the matrix E are 
stored on the disk for use in subsequent programs. This program' requires 
a computing- time of 50 minutes. 
In the FEMO method the required input cons i s t s of the nacie of the 
molecule, the number of conjugated carbon atoms and t h e i r Cartesian coordinates, 
and the number of jo in t and nonjoint atoms and t h e i r bond paths . With the 
help of the atomic coordinates a l l the interatomic dis tances and the matrix G 
are computed. The free electron eigenvalues and eigenvectors are obtained by 
diagonalizinp the input FE inatrix and, from the eigenvectors, the 
bond order matrix i s calculated. The next step involves the evaluation of 
the electron interact ion in tegra l s and the matrix I [ ej^jression (5.7) J which 
are used to compute the matrix S,. The data for the bond path alongvdth the 
data mentiouad in the PP icet.jod are stored on the Ji?3k. These calcula t ions 
are completed in 45 minutes. 
* In the c:'3e of triphetiylene the hticKex -jnd free electron eigenvectors were 
taken from the Heforences (93) and (94)> respect ive ly . 
See Appendix 1. 
See Appendix 2. 
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In the next part of the calculat ions , a program i s designed to 
compute the CI matrix elements which requires a computing time of 28 minutes. 
The CI matrix thus calculated i s stored on the d isk . In the f inal program 
the CI matrix i s diagonalized giving the energies and the coeff ic ients 
of the s t a te functions. Finally, the t rans i t io j i energies and t h e i r t r ans i t i on 
moments and o sc i l l a to r strengths are calculated. This program requires 
25 minutes for computation. 
5«6, Results of Calculations 
The r e s u l t s of the PP(P), PF(ffi), and FE^D calcula t ions are presented 
in Tables 5.2, 5 .3, and 5»A> respect ively. Although the r e s u l t s represent 
a large number of t r a n s i t i o n energies, in the t a b l e s we have not given the 
energies exceeding 50 kilokaysers as they are not of our in t e re s t from the 
point of view of the observed data for the ca t ions . In each t ab l e the f i r s t 
colunn corresponds to the t r ans i t i on energies, the second column to the 
osc i l l a to r s trengths, and the t h i r d and fourth columns to the x- and 
y-coBpDnents of the transition momsnts. In the l a s t coluum are given the 
configurations whose coeff ic ients exceed 0 .3 ; t ha t i s , those which contribute 
more than 10/J to the t o t a l wave function* 
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T A B L 3 ~ 5.2 
Resiilts o f Pariser-Farr (P) oalculpt ions 
5 . 2 . 1 . Tetracene anion 
Trans i t ion Osc i l la to r 
energy strength 
E{kK) f 
12.49 0.138 
14,45 0,026 
17.03 0.000 
24.41 0,000 
25.27 0,000 
26.25 0.098 
29.87 0.000 
31.65 0.304 
33.59 0.000 
37.58 0.134 
38.71 0.046 
40.20 0.000 
43.27 0.000 
45.21 1.843 
Trans i t ion 
moment^ 
M (A) 
1.008 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
-0.942 
0.000 
0.573 
0.000 
o.ooc 
0.000 
-1.938 
M (1) 
0.000 
-0.407 
0.000 
0.000 
0.000 
0.586 
0.000 
0,000 
0.037 
0.000 
-0,333 
0.000 
0.000 
0.000 
fo r the anions o f aroinatic hydrocfarbons 
mm " l * 
C h a r a c t e r 
0.94(10-*1l) 
0.90(9-*10) 
0.98(10-12) 
0.94(10-13) 
0 .78 (8 -10 )+0 .54 (9 -11 ) ' 
0.90(10-14) 
0 .95(9-11) 
0 .67(9-12)-0 .53(9 -12 ) ' - 0 . 4 0 ( 7 - 1 0 ) 
0 .7 l (6-5^ l0)+0.49(8-1 l ) ' -0 .43(9-»13) ' 
- 0 . 6 8 ( 7 - 1 0 ) 4 0 . 6 5 ( 9 - 12)' 
0 .81(9-13)-0.51(8-*11) 
0 . 5 3 ( 8 - 1 2 ) ' + 0 . 5 0 ( 9 - 1 4 ) ' - 0 . 4 4 ( 9 - 1 4 ) 
- 0 .36 (7 -11 ) 
0.51 ( 8 -12 ) ' +0 .50 (7 -11 )+0 .42 (9 -14 ) 
+0 .38(9 -14) ' 
0 .58 (7 -10 )+0 .58 (9 -12 )+0 .38 (9 -12 ) ' 
85 
Table 5.2.l(Cont.) 
E(kK) f M (A) K (A) C h a r a c t e r 
X y 
46.06 0,000 0.000 0.000 0 . 7 9 ( 9 - 1 l ) • - 0 . 4 7 ( 8 - l O ) - 0 . 3 7 ( 6 ^ 1 l ) • 
48.76 0.140 0.000 0.514 0.64(8-11) 40.41 (9 -13 ) -0 .33 (9 - *13 ) ' 
/!^,81 0.000 0.000 0.000 0.66(9-* l4)-0.39(8-^12)-0.37(7-* 11) 
-0 .32 (6 -14 ) 
50.33 0.000 -0.016 0.000 0.67(6-*11)-0.44(8-»13)-*0.4(V(6-11)'-
0 , 3 3 ( 8 - 1 3 ) ' 
X and y re fe r to the molecular axes shown in Fig. 2 . 1 . 
Only configurations whose coefficient in the t o t a l wave function exceed 0,3 are 
shown in the t a b l e s . The numbers in parentheses refar to the o rb i t a l s in Fig .5 .2 . 
Some of the electronic configurations have two doublet s t a t e s . The unprimed 
refers to (a->x) = 1 /^ /^ [ ( . . . x a . . . ( + | , . . a x . . . | J , 
while the primed refers to (a-»x) = 1 / -^^ [ | . . . x a . . . | - | . . . a x . . . j -2 | . . . ax . . -13. 
86 
5 .2 .2 . 1,2-Benzajnthracene stnion 
E(kK) f M (A)^ M (1)^ C h a r a c t e r ^ 
X y 
7.37 0.022 -0.519 O.064 0.97(10-* 11) 
U.06 0.084 0.736 0.108 0.96(10-12) 
18.41 0.003 0.044 0.116 0.88(10-13) 
21.54 0.023 0.297 0.101 0 . 6 8 ( l 0 - l 4 ) + 0 . 5 5 ( 9 - l 0 ) + 0 . 3 4 ( l 0 - 1 3 ) 
24.45 0.115 0.202 0.626 0.67(9-* 10)-0.59( 10-14) 
30.25 0.036 -0.329 -0.014 0 . 6 l ( 9 - 1 l ) + 0 . 5 7 ( 8 - 1 0 ) 
31.92 0.222 -0.797 -0.074 -0 .56(9 - *1 l ) ' -0 .4 l (8^10)+0 .43(9-^11) + 
0 .37(7-10) 
35.35 0.015 -0.145 -0.131 0 .62 (8 -11 ) ' - 0 .38 (9 -»1 l ) ' 
36.81 0.027 0.238 -0.118 -0.55(9-* 12)+0.42(8-11) '40.33(9-* 12)« 
37.54 0.126 -0.552 -0.067 -0 .5 l (7 -10) -0 .45(9 - *12) -0 .35(9 -^12) ' + 
0 .32(9-11) 
39.30 0.018 -0.200 0.058 -0 .52(9-13)+0.42(6-10)+0.39(7-* 11)-
0 .37(8-12) 
41.10 0.087 0.364 -0.249 -0 .47(8-1 l )+0 .39(6- *10) -0 .38(9 ' ^13) ' + 
0 .36 (8 -12 ) ' 
42.00 0.460 0.909 0.428 0 .47 (8 * 1 l ) -0.36(9-»-13) ' -0.35(9-12) + 
0 . 3 4 ( 7 - 1 1 ) ' 
42.55 0.095 -0.452 0.036 0 .57(8-11)40.37(9-12) 
45.27 0.116 0.378 0.305 0 .50 (8 -12 )40 .34 (8 -12 ) ' +0 .32 (9 -13 ) ' 
45.79 0.298 0.631 -0.434 0 .64(9-14)40.35(9-13) 
48.10 0.021 -0.185 0.082 0 .42 (6 -11 ) ' - 0 .38 (9 - *14 ) -0 .35 (8 -13 ) ' 
4B.62 0.194 0.535 0.285 - 0 . 4 4 ( 7 - 1 1 ) ' - 0 . 4 2 ( 7 - 1 2 ) ' - 0 . 4 0 ( 9 - * 14)4-
0 .37(9-13) 
^'^ See footnotes to Table 5 .2 .1 . 
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5 .2 .3 . Chrysene anion 
E(kK) f M ( i ) ^ M ( i ) ^ C h a r a c t e r ^ 
X y 
0.98(10-»11) 
0,96(10^12) 
0.95(10-^13) 
0 . 9 5 ( 1 0 H . I 4 ) 
0.87(9-»10)+0.34(7-»12)' 
0.75(8^10)+0.53(9^11) 
0,74(7-^ 10)+0.58(9 ^ 1 2 ) ' 
0 .72(9- *11) '+0 .40(8-10) -0 .38(9^ 11) 
0.49(8-^12)+0.49(9- ' l2)-0.43(9-*13)-
0 .40(7-11) 
0 .82 (8 - *1 l ) ' +0 .34 (6 -13 ) ' 
0 .58(9-12)-»0.52(6-10)+0.38(8-12) ' 
7.22 
9.97 
17.93 
20.27 
25.94 
31.29 
33.41 
35.83 
38.77 
39.66 
39.72 
39.87 
43.87 
43.91 
4^,28 
45.01 
47.71 
50.04 
0.000 
0.121 
0.006 
0.000 
0.193 
0.001 
0.000 
0.318 
0.000 
0.110 
0.000 
0.000 
0.546 
0.000 
0.000 
0.063 
0.748 
0.000 
0.000 
-0.917 
0.122 
0.000 
0.815 
0.057 
0.000 
0.362 
0.000 
-0.481 
0.000 
0.000 
-0.557 
0.000 
0.000 
0.356 
1.011 
0.000 
0.000 
-0.524 
-0.129 
0.000 
0.146 
0.012 
0.000 
0.828 
0.000 
0.151 
0.000 
0.000 
-0.914 
0.000 
0.000 
-0.040 
0.651 
0,000 
- 0 . 5 5 ( 9 - 1 2 ) + 0 . 3 8 ( 8 - 1 2 ) ' + 0 . 3 4 ( 7 - 1 1 ) ' + 
0 .32(9^13) ' 
0 . 6 0 ( 9 - 1 l ) + 0 . 4 8 ( 9 - 1 l ) ' 
- 0 . 5 5 ( 8 - 1 2 ) + 0 . 4 7 ( 9 - 1 3 ) ' + 0 . 4 6 ( 7 - 1 1 ) ' 
0 . 6 9 ( 8 - 1 3 ) ' + 0 . 6 0 ( 6 - 1 1 ) ' 
0 . 7 l ( 8 - 1 l ) + 0 . 3 5 ( 7 - 1 2 ) 
0.59 (9^14)+0.53(8-^ 11)-0.48(7 - 1 2 ) 
0 .54(9 -13)+0 .36(7 -11) '+0 .35(7 -11) + 
0 .34(8-12) 
a, b See footnotes to Table 5 .2 .1 . 
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5.2,4. 3»4-Benz;phenanthrene anion 
E(kK) f M (A)^ M (A)^ C h a r a c t e r ^ 
X y 
2.34 
11.05 
13.38 
20.96 
26.32 
30.60 
32.58 
34.68 
36,81 
38.96 
39.07 
40.39 
42.69 
43.37 
43.93 
45.96 
48.63 
49.13 
50,18 
0.009 
0.073 
0,006 
0,019 
0,023 
0.006 
0.158 
0,008 
0,107 
0.538 
0.092 
0.056 
0.086 
0.120 
0.101 
0.046 
0.059 
0.016 
0.233 
-0.581 
-0.781 
0.000 
0.000 
0.000 
-0.130 
-0.668 
0.000 
0.517 
1.128 
0.000 
0.000 
-0.430 
0.506 
0.000 
0.000 
0.000 
-0.174 
0.000 
0.000 
0.000 
-0.211 
-0.290 
-0.283 
0.000 
0.000 
0.147 
0,000 
0.000 
0,466 
-0.357 
0.000 
0.000 
0.461 
-0.304 
-0.336 
0.000 
0.654 
0.98(10-11) 
0 .96(10-12) 
0 .97(10-13) 
0.95(10-14) 
0 .83(9^10)+0 .42(8 -1 l )« 
0 .77(8-10) -K) .4 l (9-*1 l ) 
0.59(9-* 11) ' -0.53(9-* 11)+0.50(7-10) 
0.77(8-> 11 ) ' -0 .32 (9 -10 ) 
0 . 6 1 ( 7 - 1 0 ) + 0 . 4 8 ( 9 - 1 2 ) ' - 0 . 4 3 ( 9 - 1 1 ) ' 
0 .58 (9 -11 )+0 .52 (9 -12 ) -0 .42 (8 -10 )+0 .30 (9 -11 ) ' 
- 0 . 5 5 ( 8 - 1 1 ) + 0 . 4 6 ( 7 - 1 1 ) - 0 . 4 0 ( 9 - 1 3 ) - 0 . 3 6 ( 8 - 1 2 ) 
0 .63 (6 -10 )+0 .48 (8 -11 )+0 .40 (8 -12 ) ' 
0 .68 (9 - *12 ) -0 .36 (9 -11 ) '+0 .32 (6 -11 ) ' 
- 0 . 6 5 ( 8 - 1 3 ) ' + 0 . 5 8 ( 6 - 1 1 ) ' 
0 . 6 7 ( 7 - 1 l ) ' - 0 . 5 6 ( 9 - 1 3 ) ' 
0 .43 (8 -1 l )+0 .43 (7 -12 )+0 .39 (7 -12 )«+0 .36 (7 -11 ) 
-0 .67 (8 -12 )+0 .53 (9 -14 ) 
0 .86(6-11) 
0 .65(9 -13)+0 .41(7 -11) 
^'^ See footnotes to Table 5 . 2 . 1 . 
5.2.5 . Triphenylene anion 
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J5(kK) 
x^ ' y^ ' C h a r a c t e r 
0.S8 
6.4S 
15.95 
16.08 
16.65 
29.76 
34.15 
35.35 
37.52 
38.79 
38.89 
41.97 
42.22 
42.74 
4^.71 
45.11 
45.42 
46.43 
47.48 
48.28 
49.88 
0.000 
0.036 
0.022 
0.079 
0.024 
0.023 
0.000 
0.033 
0.066 
0.227 
0.074 
0.083 
0.052 
0.187 
0.314 
0.094 
0.441 
0.307 
0.000 
0.242 
0.005 
0.000 
0.000 
0.000 
-0.674 
-0.368 
0.000 
0.028 
0.292 
0.000 
0.732 
0.000 
•0.425 
0.000 
0.000 
0.000 
0,000 
-0.946 
-0.781 
0.010 
0.000 
0.000 
-0.050 
0.713 
-0.354 
0.000 
0.000 
-0.264 
0.000 
0.000 
-0.404 
0.000 
0.4D5 
0.000 
-0.377 
0.635 
0.804 
0.438 
0.000 
0.000 
0.000 
0.679 
0.099 
0.99(10-*11) 
0.97(10-*12) 
0.96(10-* 14) 
0 .8 l ( l 0 ^13 )+0 .51 (10 -15 ) 
0.79(10-15)-0.53(10-»13) 
0.65(9-*10 
0.71 (8-*10 
-0.53(7-»10 
0 .59(9 -10 
0 .71 (9 -11 
-0 .51(8-11 
0 .84(9-12 
0 .74(8-12 
0.48(8-*11 
0 .60(8-11 
0 .62(7-11 
0 .50(9-11 
0 .48(9 -11 
0 .64(6-11 
0 .64(7-12 
0 .44(7-11 
+0 .41 (7 -12 ) ' 
- 0 .47 (9 -11 ) 
- 0 . 4 6 ( 9 - 1 1 ) - 0 . 3 8 ( 9 - 1 2 ) ' + 0 . 3 6 ( 9 - 1 1 ) ' 
40 .55 (8 -11 ) ' +0 .37 (7 -11 ) ' 
' - 0 .37 (8 -10 )+0 .36 (7 -10 ) 
' - 0 . 44 (8 -12 ) ' +0 .41 (7 - 11) ' 
' - 0 . 3 0 ( 8 - 1 1 ) ' 
- 0 . 4 7 ( 6 - 1 0 ) - 0 . 3 4 ( 7 - 1 1 ) ' - 0 . 3 6 ( 7 - 1 2 ) ' 
+0.36(8-12)+0.35(6-* 10) -0 .32(7-11) 
+0.36(9-13)+0.34(4-10) 
-0 .35 (7 -10 )+0 .33 (8 -10 ) 
+0.36(5-10)+0.32(8-10) 
' - 0 . 4 7 ( 5 - 1 0 ) 4 0 . 4 3 ( 9 - 1 4 ) ' 
- 0 .35 (9 -13 )40 .35 (8 -14 ) 
'40 .42(8-12) '+0 .41 ( 7 - 1 1 ) - 0 . 3 5 ( 4 - 1 0 ) 
a, b See footnotes to Table 5 . 2 . 1 . 
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5.2.6, Pyrene anion 
E(kK) f M (A)^ M(A)^ C h a r a c t e r 
X y 
10.75 0.000 0.000 0.000 0.97(9-*10) 
0.93(9-*1l) 15.25 
17.95 
21.09 
24.79 
31.57 
32.01 
37.53 
38.59 
39.82 
-W-.37 
44.62 
45.14 
47.43 
47.74 
48.53 
48.92 
50 -^41 
51.66 
0.044 
0.003 
0.010 
0.282 
0.011 
0.000 
0,000 
•0.000 
0.421 
0.000 
0.065 
0.000 
0.014 
0.000 
0.000 
0.092 
0.000 
0.434 
-0.517 
0.000 
0.207 
0.000 
0.178 
0.000 
0.000 
0.000 
-0.987 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
-0.416 
0.000 
0.000 
0.000 
0.125 
0.000 
-1.024 
0,000 
0.000 
0.000 
0.000 
0.000 
0.000 
-C.366 
0,000 
0.167 
0.000 
0.000 
0.000 
0.000 
0.879 
-0 .70 (8 -9 )+0 .69 (9 -12 ) 
0 .86 (9 - * l 3 ) -0 .43 (8 -10 ) ' 
0 .67(9-12)-K) .59(8-9) 
0.71(7-* 9 ) -0 .62 (8 -10 ) 
0 .89(6-9) - fO.39(8-11) ' 
0 . 8 9 ( 5 - 9 ) - 0 . 4 3 ( 8 - 1 2 ) ' 
0 . 8 2 ( 8 - 1 l ) - 0 . 3 0 ( 8 - 1 3 ) ' 
0 .60 (7 -9 ) -K ) ,48 (8 -10 ) -0 .39 (8 -10 ) ' - 0 .35 (9 -13 ) 
0 .53 (8 -13 ) -0 .48 (8 -11 ) -K ) .37 (5 -10 ) ' -0 .34 (5 -10 ) 
0.94(7-* 10) ' 
0.66(6-10)-K).59( 8 -12)+0 .38(7 -11) 
0 .80(6-11) ' -0 .35(7-10) -K) .31 ( 6 - 1 1 ) 
0 .90 (6 -10 ) '+0 .37 (8 -12 ) 
0 . 6 7 ( 8 - l 2 ) - 0 . 5 3 ( 7 - 1 1 ) -0 .40 (6 -10 ) 
0 .64 (8 -10 ) '+0 ,50 (8 -10 ) 
-0 .67 (5 -10 ) ' +0 .42 (8 -13 ) -K ) .37 (8 -13 ) ' - 0 .35 (5 -10 ) 
0 . 7 8 ( 7 - 1 0 ) + 0 . 4 l ( 6 - 1 l ) ' - 0 . 3 l ( 6 - 1 l ) 
^*^ See footnotes to Table 5 .2 .1 . 
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T A B L E - 5,3 
ResTOlts of P a r i a e r - P a r r (MN) c a l c u l a t i o n s for t h e an ions of aromatic hydrocarbons 
5 . 3 . 1 . Tetracene anion 
T r a n s i t i o n 
energy 
E(kK) 
11.57 
12.39 
15.63 
22.28 
23.06 
24 .04 
28.37 
28 .94 
31.46 
34.56 
37.52 
37.68 
40.98 
41.15 
O s c i l l a t o r 
s t r e n g t h 
f 
0.150 
0.025 
0.000 
0.000 
0.000 
0.085 
0.000 
0.384 
0.007 
0.189 
0.008 
O.OCO 
1.346 
0.000 
T r a n s i t i o n 
moment^ 
M (A) 
1.094 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
-1 .106 
0.000 
0.711 
0.000 
0.000 
-1 .740 
0.000 
M (i) 
y 
0.000 
- 0 . 4 3 5 
0.000 
0,000 
0,000 
0.572 
0.000 
0.000 
0.145 
0.000 
-0 .145 
0.000 
0.000 
0.000 
C h a r a c t e r 
0 . 9 6 ( 1 0 - 1 1 ) 
0.91(9-*10) 
0 . 9 8 ( 1 0 - 1 2 ) 
0 . 9 6 ( 1 0 - 1 3 ) 
0 . 7 7 ( 8 - 1 0 ) + 0 . 5 5 ( 9 - ^ 1 l ) ' 
0 . 9 1 ( 1 0 - 1 4 ) 
0 .97(9-*1l ) 
0 . 7 3 ( 9 - 1 2 ) - 0 . 5 4 ( 9 - 1 2 ) ' - 0 . 3 2 ( 7 - 1 0 ) 
0 . 7 0 ( 6 - 1 0 ) + 0 . 5 0 ( 8 - 1 l ) ' - 0 . 4 4 ( 9 - 1 3 ) ' 
- 0 . 7 6 ( 7 - 1 0 ) + 0 . 5 8 ( 9 - * 1 2 ) ' 
0 . 8 9 ( 9 - 1 3 ) - 0 . 3 7 ( 8 - 1 1 ) 
- 0 . 5 5 ( 9 - l 4 ) + 0 . 4 3 ( 9 - l 4 ) ' - 0 . 4 2 ( 7 - 1 1 ) + 
0 .41(8 12)« 
0 . 5 8 ( 9 - 1 2 ) + 0 . 5 4 ( 7 - 1 0 ) + 0 . 5 2 ( 9 - * 1 2 ) ' 
0 . 6 0 ( 8 - 1 2 ) ' + 0 . 4 6 ( 9 - 1 4 ) ' + 0 . 4 1 ( 7 - 1 1 ) + 
0.40(9-14) 
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Table 5.3.f(Cont.) 
E(kK) ' f M (A) M (A) C h a r a c t e r 
X y 
b 
41.45 0.000 0.000 0.000 0 . 8 0 ( 9 - 1 1 ) ' - 0 . 5 2 ( 8 - 1 0 ) 
43.75 0.000 0.000 0.000 0 . 6 2 ( 9 - l 4 ) - 0 . 4 5 ( 8 - 1 2 ) - 0 . 4 3 ( 7 - 1 l ) 
43.77 0.171 0.000 0.600 0 . 8 l ( 8 - 1 l ) 
47.51 0.087 0.000 -0.413 0 . 8 5 ( 7 - 1 2 ) ' 
48.48 O.OOO 0,000 0.000 - 0 . 5 8 ( 6 - 1 l ) ' - 0 . 5 6 ( 6 - l l ) + 0 . 4 7 ( 8 - 1 3 ) ' 
48.80 0.120 0.476 0.000 0 .58 (6 -12 ) ' 4 0 . 4 4 ( 8 - 1 4 ) ' - 0 . 4 0 ( 8 - l 4 ) - 0 . 4 0 ( 6 - 1 2 . 
49.11 0.000 0.000 0.000 -0 .62 (7 -11 ) ' +C .59 (3 -12 ) -0 .36 (7 -11 ) 
49.50 0.000 0.000 0.000 0 .77 (9 -13 ) '+0 .41 (6 -10 ) 
^ ' ^ 3oe foo tno tes to Table 5 . 2 . 1 . 
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5.3.2. 1.2-Benz 
£(kK) f M (A)^ M (A)^ C h a r a c t e r 
6.46 
13.00 
16.69 
19..46 
21.79 
27.93 
28.83 
32.72 
34.16 
34.96 
37.13 
38.26 
38.97 
39.80 
41.77 
43.33 
44.52 
45.69 
47.41 
48.62 
49.22 
49.99 
0.021 
0.103 
0.004 
0.033 
0.101 
0.113 
0.170 
0.032 
0.024 
O.O84 
0.035 
0.084 
0.520 
0.073 
0,010 
0.046 
0.162 
0.111 
0.155 
0.036 
0.401 
0.242 
-0.550 
0,846 
0.105 
0.352 
0,178 
-0.610 
0.735 
0.239 
-0.231 
-0.468 
0.272 
0.439 
-1.058 
-0.310 
-0.008 
0.283 
0.547 
-0.193 
0.489 
0.157 
0.595 
-0.260 
0.062 
0.127 
0.095 
0.186 
0.629 
-0.036 
0.040 
0.185 
0.112 
-0.042 
-0.112 
-0.187 
-0.332 
0.270 
-0.146 
-0.131 
0.191 
-0.432 
-0.249 
0.211 
0.630 
C.616 
0.98(10-11) 
0.97(10-*12) 
0.89(10^13) 
0 .64(9-10) 40.59(10-14)-+0.36(10^13) 
-0 .70(10-14)+0.57(9^10) 
0.73(9-* 11)+0.46(8-10) 
0 .57(9-11) '+0 .49(8- * 10 ) -0 .34 (7 - l 0 ) -0 .32 (9^11 ) 
-0.69(8—11) ' 
- 0 .47 (9 -12 ) ' +0 .46 (9 -12 ) -0 .41 ( 7 - 1 0 ) 
- 0 .56 (9 -12 ) -0 .48 (7 -10 ) -0 .35 (8 -10 )+0 .34 (9 -11 ) 
0 . 6 2 ( 9 - 1 3 ) 4 0 . 3 8 ( 8 - 1 2 ) - 0 . 3 7 ( 7 - 1 l ) 
0 .53(6-10) -0 .41 ( 9 - 1 3 ) ' + 0 . 3 8 ( 8 - 1 2 ) ' - 0 . 3 3 ( 8 - 1 1 ) 
0.46(9-12)+0.42(9—11)'-0.39(8—11) 
0 .74(8-*1 l )+0.34(9-12) 
-0 .50 (8 -12 )+0 .49 (7 -11 )+0 .35 (9 -13 ) 
0 . 5 6 ( 6 - 1 1 ) ' - 0 . 4 9 ( 8 - 1 3 ) ' 4 0 . 3 1 ( 9 - 1 3 ) 
- 0 . 5 8 ( 7 - 1 1 ) ' - 0 . 3 8 ( 9 - 1 4 ) ' - 0 . 3 5 ( 7 - 1 2 ) ' + 0 . 3 2 ( 9 - 1 3 ) 
0 .80 (9 -14 ) -0 .37 (7 -11 ) 
0 .55 (9 -14 ) ' 40 .36 (7 -12 ) ' 40 .32 (7 -10 ) 
0 .54(9-12) • -K) .41(6-11) -C.38(7-10)40.30(7-12) ' 
0 .42 (6 -11 )+0 .38 (7 -1 l ) -0 .32 (8 -14 )+0 .31 ( 8 - 1 2 ) 
0 .35(6-12)+0.35(8-12)+0.33(7-11)40.31 ( 9 - 1 4 ) 
^*^ See footnotes to Table 5 .2 .1 . 
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5 .3 .3 . Chyrysene anion 
E(kK) 
6.32 
9.01 
16.35 
18.53 
23.02 
30.12 
30.24 
32.67 
36.39 
36.66 
37.34 
37.82 
40.15 
41.08 
42.05 
42.24 
45.58 
46.20 
47.35 
48.21 
43.77 
49.26 
50.01 
f 
0.000 
0.131 
0.004 
0.000 
0.170 
0.012 
0.000 
0.284 
0.000 
0.100 
0.000 
0.000 
M (A)^ 
0,000 
-1.001 
0.112 
0.000 
0.811 
-0.031 
0.000 
0.361 
0.000 
-0.501 
0.000 
0.000 
0.500 -0.446 
0.000 
0,000 
0.284 
0.422 
0.000 
0,024 
0.000 
0.141 
0.000 
0.247 
0.000 
0,000 
0.767 
0,787 
0,000 
-0.214 
0.000 
0.264 
0.000 
-0.655 
0.000 
-0.581 
-0,113 
0.000 
0.149 
-0.192 
0.000 
0.819 
0.000 
-0.026 
0,000 
0.000 
-0.974 
0.000 
0.000 
0.180 
0.485 
0.000 
-0.021 
0.000 
-0.444 
0.000 
-0.163 
C h a r a c t e r 
0 .99(10-11) 
0.97(10-*12) 
0,96(10-*13) 
0.97(10-14) 
0 . 8 8 ( 9 - l 0 ) + 0 , 3 3 ( 7 - 1 2 ) ' 
0.67(8-*10)+0.65(9-11) 
0 .74 (7 -10 )40 .59 (9 -12 ) ' 
0 .71 (9 -11 ) '+0 .51 (8 -10 ) -0 .32 (9 - *1 l ) 
0 ,72(9-12)+0.34(8-12) 
0 . 8 6 ( 8 - 1 l ) ' + 0 . 3 2 ( 6 - 1 3 ) ' 
0 . 6 0 ( 9 - 1 2 ) - 0 . 3 8 ( 7 - 1 l ) ' - 0 , 3 5 ( 8 - 1 2 ) ' - 0 . 3 5 ( 9 - 1 3 ) ' 
- 0 . 5 4 ( 6 - l O ) - 0 . 4 5 ( 9 - 1 3 ) + 0 . 4 0 ( 8 - 1 2 ) - 0 . 3 5 ( 8 - l 2 ) ' 
0 .63 (9 -11 )+0 .57 (9 -11 ) ' - 0 .41 (8 -10 ) 
0 . 6 9 ( 8 - 1 3 ) ' + 0 . 6 6 ( 6 - 1 1 ) ' 
- 0 . 5 6 ( 8 - 1 2 ) + 0 . 4 5 ( 9 - 1 3 ) ' + 0 . 4 5 ( 7 - 1 1 ) ' - 0 . 3 8 ( 8 - 1 2 ) ' 
0 .90(8-1 l )_ 
-0 .54(7-12)+O.5O(9-14) -O.4J0(7-12) '40.37(9-14) ' 
0 . 69 (9 -13 ) -0 ,49 (7 -11 )+0 ,41 (7 -11 ) ' 
0 ,72(9-14) -0 .50(9 - 1 4 ) ' 
0 .67 (7 -11 )+0 ,47 (8 -12 ) ' 
0 . 50 (6 - l 2 ) - 0 .48 (8 - ^ l 4 ) -0 .38 (7 -13 ) 
0 . 7 2 ( 9 - 1 2 ) ' - 0 , 5 7 ( 7 - 1 0 ) 
0 .72(7-12) +0 .44(9-14) ' 40.44(9-14) 
a,b See footnotes to Table 5 .2 .1 . 
5.3.4. 314-Benzphenantbrene anion 
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E(kK) f M (1)^ M (1)^ C h a r a c t e r ^ 
2.12 
10.22 
12.66 
19.76 
23.58 
28.49 
30.17 
31.88 
34.18 
36.64 
36.75 
38.05 
39.82 
40.56 
40.62 
42.40 
45.21 
45.62 
46.97 
48.02 
48.11 
49.10 
50.09 
0.008 
0.088 
0.007 
0.030 
0.026 
0.012 
0.232 
0.012 
0.171 
0.120 
0.352 
0.028 
0.033 
0.102 
0.221 
0.000 
0.195 
0.003 
0.011 
0.035 
0.131 
0.082 
0.073 
-0.602 
-0.890 
0.000 
0.000 
0.000 
-0.195 
0.842 
0.000 
0.678 
0,000 
0.939 
0.000 
0.277 
-0.477 
0.000 
0.000 
0.000 
0.084 
0.000 
-0.249 
0.000 
0.393 
0.000 
0.000 
0.000 
-0.223 
-0.377 
-0.317 
0.000 
0.000 
0.188 
0.000 
0.550 
0*000 
-0.259 
0.000 
0.000 
0.707 
-0.012 
-0.630 
0.000 
-0.146 
O.COO 
0.499 
0.000 
0.367 
0.99(10-11) 
0.97(10-12) 
0.98(10-^13) 
0.96(10-14) 
0 .82 (9 -10 )+0 .45 (8 -11 ) ' 
0 .73 (8 -10)+0 .40(9 -11) '+0 .33(9 -11) 
0 . 7 0 ( 9 - 1 l ) - 0 . 5 4 ( 9 - 1 1 ) ' - 0 . 3 4 ( 7 - 1 0 ) 
0 . 7 9 ( 8 - 1 1 ) ' - 0 . 3 8 ( 9 - 1 0 ) 
0 .67 (7 -10 )+0 .49 (9 -12 ) ' -0 .32 (8 - lO) -0 .30 (9 -
- 0 . 7 3 ( 8 - 1 l ) - 0 . 3 2 ( 9 - 1 3 ) + 0 . 3 0 ( 7 - 1 1 ) 
0 .53(9 -11)+0 .49(9 -11) ' -0 .45(8 -10)+0 .43(9 
0 . 6 4 ( 6 - 1 0 ) - 0 . 4 l ( 9 - 1 l ) + 0 . 3 9 ( 7 - l l ) 
-0 .67 (8 -13 ) ' +0 .66 (6 -11 ) ' 
0 . 8 5 ( 9 - 1 2 ) - 0 . 3 2 ( 9 - 1 1 ) ' 
0 .55 (7 -11 ) ' -0 .52 (9 -13 ) ' -0 .42 (8 -11 ) 
0 .46(7-1 l ) -0 .42(8 -12)+0 .4D(9—13) -0 .34(9-
0 .46(9-13) -10 .45(7-11)+0.43(8-12) -0 .41(7-
0 .86(6-11)+0.35(8-13) 
0 . 5 1 ( 8 - 1 2 ) - 0 . 3 6 ( 9 - 1 3 ) + 0 . 3 5 ( 7 - 1 l ) ' - 0 . 3 4 ( 9 
-0 .65(8 -13)+0 .40(6-12)+0 .37(7-13) 
0 .53(7-12) ' - 0 .48 (9 -14 ) ' - 0 .48 (7 -11 ) 
0 . 5 9 ( 8 - 1 3 ) - 0 . 4 0 ( 8 - 1 4 ) - 0 . 3 9 ( 6 - 1 l ) + 0 . 3 9 ( 6 -
0 .63(9-14) -^O.49(9-13) '+0.41(7-11) ' 
- 1 1 ) ' 
-12 ) 
-13)' 
11)' 
-14) 
•12) 
a,b See footnotes to Tgble 5 . 2 . 1 . 
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5.3.5 Triphenylene anion 
E(kK) Ujk)^ M (1)^ C h a r a c t e r ' ^ 
0.99 
5.42 
14.59 
14.75 
15.21 
26.64 
31.95 
32.45 
34.58 
35.29 
35.32 
38.80 
39.27 
39.71 
41.21 
41.54 
42.13 
43.56 
44-. 40 
46.39 
46.84 
47.74 
47.97 
48.94 
49.51 
0.000 
0.033 
0.029 
0.080 
0.035 
0.029 
0.005 
0.057 
0.068 
0.221 
0.022 
0.495 
0.106 
0.012 
0.552 
0.204 
0.022 
0.000 
0.001 
0.036 
0.004 
0.062 
0.014 
0.000 
0.029 
0.000 
0.000 
0.000 
-0.706 
-0.459 
0.000 
0.120 
-0.401 
0.000 
-0.759 
0.000 
0.000 
-0.498 
0.000 
-1.111 
0.000 
0.000 
0.028 
0.033 
0.000 
-0.092 
0.000 
0.000 
0,019 
0.000 
-0.063 
•0.750 
-0.429 
0.000 
0.000 
-0.315 
0.000 
0.000 
-0.427 
0.000 
0.195 
1.084 
0.000 
0.165 
0.000 
0.673 
0.219 
0.000 
0.000 
0.266 
0.000 
0.345 
0.165 
0.000 
0.230 
0.99(10 
0.98(10 
0.97(10 
0.88(10 
0.86(10-
0.66(9-* 
0.58(8-
0.60(9* 
0.64(8-* 
-0.69(9-
0.57(7-* 
0.84(8-
0.88(9-
0.66(8-
0.63(9-
0.47(6-
0.67(7-
-0.65(5-
0.59(6-
0.52(7-
0.48(9-
0.79(7-
-0.52(4-
-0.68(8* 
0.83(9-
11) 
—12) 
-14) 
-13)-K).40(10^15) 
15)-0.42(10^13) 
10 
10 
11 
11 
11 
11 
11 
12 
12 
11 
10 
11 
10 
11 
11 
12 
12 
10 
13 
13 
-0.54(8-*1 l )+0.40(7-* 12)' 
- H 0 . 4 3 ( 7 - * 1 0 ) - 0 . 4 3 ( 9 - 1 1 ) 
•K) .42(7- * l0 ) -0 .39(9-1 l ) ' - tO .32(9-12) ' 
••K).61(9-10) 
•+0.46(8-*10)-0.33(7-10) 
' - 0 .50 (8 - *12 ) ' - 0 .39 (8 - *1 l ) ' 
- 0 .37 (6 -10 ) 
+0.52(9-11) ' -K) .51(8^10) 
+0.42(8-*1 l )+0.33(7-12) '+0.33(8-* 14) ' 
- 0 . 4 2 ( 8 - 1 2 ) - 0 . 4 0 ( 8 - 1 2 ) ' 
+0 .35(8-^•13) ' -0 .33(7- l0 )+0.3 l (9 -14) 
•+0 .38 (7 -10 )+0 .36 (9 -14 ) ' - 0 .34 (9 -12 ) ' 
' +0.49(8 - 1 2 ) ' +0 .40 (7 -1 l ) - 0 .33 (8 -12 ) 
i - 0 . 3 9 ( 6 - 1 l ) - 0 . 3 8 ( 9 - l 4 ) ' +0.37(6 - l i ) « 
- 0 .44 (7 -12 )+0 .43 (8 -14 ) ' 
+0 .37(9 -14)+0 .36(6 -11) '+0 .31(6 -11) 
a.b See footnotes to TaTiLe 5 . 2 , 1 . 
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5m3,6, Pyrene anion 
E(lcK) f H (A)^ M (1)* C h a r a c t e r ^ 
9.92 
13.67 
16.55 
19.71 
22.4S 
30.22 
31.77 
35.61 
39.92 
36.90 
40.96 
42.32 
42.63 
44.03 
44-77 
44.83 
45.97 
47.70 
47.77 
4S.10 
49.70 
0.000 
0.050 
0.003 
0.006 
0.320 
0.034 
0.000 
0.000 
0.000 
0.400 
0.083 
0.000 
0.000 
0.108 
0.002 
0.000 
0.000 
0.000 
0.593 
0.000 
0.000 
0.000 
-0.580 
0.000 
0,171 
0.000 
0.320 
0.000 
0.000 
0.000 
-1.000 
0.000 
0.000 
0.000 
-0.474 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.124 
0.000 
-1.145 
0.000 
0.000 
0.000 
0.000 
0.000 
-0.432 
0.000 
0.000 
0.000 
-0.071 
0.000 
0.000 
0.000 
1.070 
0,000 
0.000 
0 .98(9-10) 
0.94(9-*1l) 
-0,71 (8-*9)+0.68(9-12) 
0.87(9-* 13 ) -0 .40 (8 -10 ) ' 
0.69(9-12)+0.60(8-*9) 
-0 .70 (8 -10 )+0 .63 (7 -9 ) 
0.85(6•*9)•^O.50(8-11)' 
0 .85(5 -9 ) -0 .46(8 - *12) ' 
0 .89(8-11) 
0 . 6 7 ( 7 - 9 ) - 0 . 4 2 ( 8 - 1 0 ) ' + 0 . 3 9 ( 8 - 1 0 ) - 0 . 3 8 ( 9 - 1 3 ) 
0 .96 (7 -10 ) ' 
0 .54(8-13) -0 .4O(8-13) '+0 .39(5—10) ' -0 .38(8-11) 
0 .65(8-12)+0.53(6-10)+0.42(7-11) 
0 .71 (8 -10 } '+0 .54 (8 -10 ) 
0 . 8 2 ( 6 - 1 1 ) ' - 0 . 4 6 ( 7 - 1 0 ) 
-0 .73(8-12)+0.44(6-10) -K) .38(7-11) 
0 .84(6-»10) '+0.36(7-1 l ) 
-0 .62(5 -10) 'O .57(8 -13) -^0 .35(8—13) '+0 .32(7 -12) 
0 . 8 3 ( 7 - 1 0 ) + 0 . 4 3 ( 6 - 1 l ) ' 
0 . 7 2 ( 8 - 1 1 ) ' - 0 . 4 4 ( 5 - 1 0 ) - 0 . 3 3 ( 6 - 1 1 ) ' 
0 .63 (7 -11 ) ' -0 .51 ( 6 - l 0 ) + 0 . 5 0 ( 7 - 1 1 ) 
^'^ See footnotes to Table 5 . 2 . 1 . 
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T A B L B - 5«^ 
Results of Free Electron Molectaflr Orbital (FflMO^  calcula t ions for 
the anions of axoing^tic hydrocarbons 
5.4»1» Tetracene anion 
Transition Osci l la tor Transition 
energy strength monent^ 
E(kK) f M^(l) M (1) C h a r a c t e r " ^ 
13.25 0.153 -1.029 0.000 0,91(10-*11) 
14.81 0.000 0.000 0.000 0.97(10-* 12) 
14.89 0.047 0.000 0.535 0.90(9-* l0) 
25.83 0.000 0.000 0.000 0.82(8 ^ 1 0 ) + 0 . 4 8 ( 9 - • H ) ' 
26.63 0.021 0.270 0.000 0.76(7^10)+0.54(9 ^12) 
27.39 0.000 0.000 0.000 0.89(l0-*13) 
27.79 0.119 0.000 -0.627 0 . 8 0 ( l 0 - * l 4 ) - 0 . 5 l ( 7 ^ 1 2 ) • 
31.85 0.000 0.000 0.000 0.94(9-*1l) 
33.45 0,000 0.000 -0.010 0 .76 (6 -10) -0 .47 (8 -11) '+0 .33 (9 -^13) ' 
34.42 1.084 -1.698 0.000 0.76(9-12)«+0.49(7^10) 
39.62 0.000 0.000 0.000 0 . 7 7 ( 7 - 1 l ) - 0 . 4 0 ( 8 - 1 2 ) - 0 . 3 3 ( l O - 1 3 ) -
0 .31(9-14) 
41.17 0,025 0.000 0.238 0 .64 (9 -13 ) -0 .60 (8 -1 l ) -0 ,33 (7 - *12 ) 
43.14 0.000 0.000 0.000 0 . 8 4 ( 8 - 1 2 ) ' + 0 , 4 2 ( 9 - 1 4 ) ' 
99 
Table 5.4.l(Cont.) 
E(kK) f M (A) M (A) C h a r a c t e r ^ 
X y 
43.85 3.220 2.592 0.000 0 .67(9-12)+0.47(9-*12) ' -0 .36(7-10) 
43.96 0.308 0.000 O.gOO -0.56(7-*12) '40,52(7-12)+0.46(9-*13)-
0.36(10-14) 
47.22 0.000 0.000 0.000 0 . 8 l ( 9 - 1 l ) ' + 0 . 4 4 ( 6 - 1 1 ) ' - 0 , 3 8 ( 8 - 1 0 ) 
48.95 0.011 0.000 0.143 0.68(7-12)->O.59(7^12) '40.33(10-14) 
50.21 0.000 0.000 0.000 0.77(9-^14)+O.3l(6-14)+O.3l(7-^11) ' 
^'^ See footnotes to Table 5 . 2 . 1 . 
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5»A-^» 1.2-Benza3ithracene anion 
E(kK) M (A)^ M (A)^ C h a r a c t e r " ^ X y 
7.34 
13.30 
19.79 
22.81 
25.71 
27.38 
30.89 
33.27 
34.78 
36.52 
38.01 
38.43 
39.45 
41.25 
A2.19 
43.33 
47.02 
47.73 
49.29 
0.014 
0.155 
0.000 
0.113 
0.046 
0.005 
0.078 
0.575 
0.318 
0.078 
0,028 
0.123 
0.448 
0.530 
0.047 
0.409 
0.594 
0.374 
0.759 
0.400 
1.016 
-0.016 
-0.398 
-0.087 
-0.087 
0.476 
1.238 
0.910 
0.06l 
-0.240 
-0,042 
0.969 
-1.008 
0.005 
-0.842 
0.400 
-0,800 
-1.181 
-0.124 
0.182 
0.043 
-0.543 
-0.394 
0.091 
0.081 
0.223 
-0.084 
0.437 
0.100 
-0.540 
0.316 
-0.400 
0.320 
-0.394 
-0.998 
-0.283 
-0.124 
0.97(10 
0.94(10 
0.87(10 
0.77(9-
0.80(10 
0 . 7 3 ( 8 -
- 0 . 6 9 ( 7 -
0 . 5 8 ( 9 -
0 . 5 4 ( 8 -
0 . 4 4 ( 6 -
0 .69 (9 -
- 0 . 4 1 ( 8 -
0 . 5 4 ( 6 -
0 . 4 5 ( 7 -
0 . 6 4 ( 8 -
0,42C3-
- 0 . 5 3 ( 9 -
0 . 5 8 ( 6 -
0.64(9-* 
-11 ) 
^12 ) 
-13 )+0 .33 (9 -10 ) 
H0)-0 .30( 10 -13) -0 .30(8 - 11 ) 
-*14) 
•10 
10 
11 
11 
10 
12 
12 
11 
11 
11 
12 
•u: 
11 
13 
- 0 . 5 2 ( 9 - 1 1 ) 
40.4 iD(9-12) '+0.36(9-11) ' 
• - 0 . 3 0 ( 8 - 1 1 ) ' - 0 . 3 0 ( 8 - 1 0 ) 
' - 0 . 3 7 ( 9 - 1 1 ) 
- 0 . 4 4 ( 8 - 1 1 ) ' - 0 . 3 5 ( 7 - 1 1 ) + 0 , 3 3 ( 8 - 1 2 ) 
' - 0 . 4 0 ( 8 - 1 l ) + 0 . 3 8 ( 6 - l O ) - 0 . 3 2 ( 6 - 1 1 ) ' 
' - 0 . 4 3 ( 8 - 1 3 ) ' +0.32(9-12) 
' - 0 . 3 5 ( 8 - 1 3 ) ' 
- 0 .37 (7 -11 ) ' +0 .36 (9 -11 ) ' •K ) .35 (9 -13 i 
+0 .47(7-*12) -0 .33(6- l2 ) 
- 0 . 3 7 ( 7 - 1 l ) ' + 0 . 3 3 ( 7 - 1 l ) 
a, b See footnotes to Table 5 . 2 . 1 . 
5.4*3. Chrysane anion 
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E(kK) M (A)^ M (A)^ C h a r a c t e r ' 
6.54 
12.21 
I 8 , l 6 
21.68 
25.14 
27.20 
33.38 
34.06 
35.07 
35.09 
36.15 
39.60 
39.89 
41.75 
42.60 
42.91 
46./^8 
46.93 
47.63 
51.81 
0.000 
0.188 
0,007 
0.000 
0.246 
0,011 
0.000 
0.361 
0.628 
0.000 
0.000 
0.000 
0.000 
1.363 
0.317 
0.000 
0.000 
0.911 
0.449 
0,067 
0.000 
1.006 
-0.188 
0.000 
-0.932 
0,027 
0.000 
0.193 
1.077 
0.000 
0.000 
0.000 
0.000 
-1.486 
-0.277 
O.OOC 
0.000 
C.038 
-0.922 
0.326 
0.000 
0.630 
0.005 
0.000 
-0.162 
0.190 
0.000 
0.966 
0.693 
0.000 
0.000 
0.000 
0,000 
-0.884 
-0.777 
0.000 
0.000 
1.332 
0.114 
-0.113 
0.98(10 
0,94(10 
0.92(10 
0.88(10 
0.85(9-
0.79(8-
-0.51(6-
0.62(9--
0.71(8-* 
0.48(6-* 
0.44(6-* 
0.52(8-* 
0.85(9-
0.81(8-
0.54(9-
0.54(8-
0.49(7-
0.47(6-
0.69(9-
-0.66(9-
-11) 
-^ 12) 
-13) 
-14) 
10 
10 
10 
11 
11 
10 
11 
12 
12 
11 
11 
12 
11 
12 
u: 
14 
-K).32(8-11) ' 
40.47(9-11) 
40.46(7-10) +0.32(8 - 1 2 ) ' 
' - 0 . 4 3 ( 9 - 1 l ) - 0 . 3 3 ( 8 - 1 l ) ' 
• +0 .38 (9 -11 ) ' +0 .33 (6 -13 ) ' 
+0 .44 (7 -10 ) -0 .42 (9 -12 ) ' 
' - 0 . 3 4 ( 7 - 1 1 ) ' + 0 . 3 4 ( 8 - 1 3 ) ' - 0 . 3 2 ( 7 - > l 0 
-0.41 ( 6 - 1 1 ) ' - 0 . 3 5 ( 8 - 1 3 ) ' -0.33( 1 0 - 1 4 
+0.47(9-»1l ) '+0.34(6-12) 
+0.48(9-13) ' + 0 . 4 4 ( 7 - 1 1 ) ' 
- 0 . 42 (6 -11 )+0 .39 (7 -11 ) ' • t 0 . 34 (9 -13 ) ' 
-0.41 ( 7 - l 2 ) - 0 . 3 8 ( 9 - 1 l ) + 0 . 3 5 ( 8 - 1 4 ) 
+0.-^^2(7-12) 
' - 0 . 43 (7 -12 ) ••K).40(9-14) 
a, b See footnotes to Table 5 . 2 , 1 , 
5.4»4. 3.4-Ben2phena3ithrene anion 
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E(kK) 
3.43 
13.17 
13.30 
22.64 
25.43 
27.70 
32.17 
32.44 
35.14 
35.22 
36.08 
37.28 
39.45 
A2.01 
42.35 
44.62 
44.71 
47.58 
47.96 
49.38 
50.40 
f 
0.008 
0.114 
0.008 
0.014 
0.038 
0.027 
0,357 
0.074 
0.071 
0.010 
0.227 
0.119 
1.171 
0.302 
0,108 
0.137 
0.171 
0.039 
0.144 
0.014 
0.341 
M^(A)^ 
-0.459 
-0.890 
0.000 
0.000 
0.000 
-0.298 
-1.008 
0.000 
-0.430 
0.000 
0.759 
0.000 
1.648 
0.000 
-0.484 
0.529 
0.000 
-0.276 
0.000 
0,000 
-0.787 
0.000 
0.000 
-0.241 
-0.238 
-0.367 
0.000 
0.000 
-0.456 
0.000 
-0.151 
0.000 
0.541 
0,000 
0.811 
0.000 
0.000 
-0.592 
0.000 
0.524 
-0.163 
0.000 
C h a r a c t e r 
0.98(10-»11) 
0.93(10-*12) 
0.95(10-13) 
0.89(10-14) 
0 .8 l ( 9 - *10 ) -0 .41 (8 -11 ) ' 
0.66(8—lO)-0.60(9-11) 
0.68(9-* 11) ' -0 .45(8-10)- tO.35(7-10) 
0 .76 (8 -11 ) '+0 .40 (9 -10 ) 
0 . 5 9 ( 6 - 1 1 ) ' - 0 . 4 4 ( 8 - * l 3 ) ' - 0 . 3 8 ( 7 - 1 0 ) 
0 .66 (6 -10)+0 .40(9 -13) -0 .33 (7 -11) 
0 .56 (7 -10 )+0 .43 (6 -11 )« -0 .36 (8 -13 ) ' 40 .33 (9 -12 ) ' 
0 .60 (8 -11)+0 .32(8 -12)+0 ,32(8 -12) ' 
0 .60 (9 -11 )+0 .40 (9 -12 )+0 .40 (9 -11 ) '+0 .36 (8 -10 ) 
0 . 6 2 ( 7 - 1 1 ) ' - 0 . 5 5 ( 9 - 1 3 ) ' + 0 . 4 0 ( 8 - 1 1 ) 
0 . 7 0 ( 9 - 1 2 ) - 0 . 3 2 ( 9 - 1 1 ) ' - 0 . 3 1 ( 6 - 1 1 ) 
0.80(6-11)+0.41 ( 9 - 1 2 ) - 0 . 3 3 ( 8 - 1 3 ) 
-0.51 ( 8 - 1 1 ) +0.45(8 - 1 2 ) +0.41 (7—12) +0 .31 (7 -12 ) ' 
0 . 6 9 ( 6 - l 2 ) - 0 . 4 4 ( a - 1 4 ) 
0 . 6 l ( 9 - 1 3 ) - 0 . / t 4 ( 7 - 1 1 ) ' 4 0 . 3 4 ( 7 - 1 1 ) + 0 , 3 2 ( 7 - 1 2 ) ' 
0 .60(9-14)+0.52(8-12) -0 .31 ( 7 - 1 2 ) ' - 0 . 3 0 ( 7 - 1 2 ) 
0 .75(8-13)+0.35(6-11)+0.31(7-13) 
See footnotes to Table 5 .2 .1 . 
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5.4»5. Triphenylene anion 
E(kK) 
1.86 
9.78 
18.81 
19.13 
20,19 
27.24 
31.47 
32.97 
34.84 
36.33 
38.17 
39.01 
39.80 
41.29 
42.05 
42.63 
42.82 
43.90 
44-. 51 
46.58 
47.74 
49.29 
49.99 
f 
0.001 
0.066 
0.025 
0.056 
0.060 
0.034 
0.030 
0.118 
0.007 
O.4J08 
0.113 
0.331 
0.542 
0.001 
0.468 
0.702 
0.014 
0.134 
0.000 
0,221 
0.209 
0.058 
0.105 
M (A)^ 
0,000 
0,000 
0.000 
-0,516 
-0,523 
0.000 
0.296 
0.000 
0,131 
-1,014 
-0.000 
-0.880 
0.000 
0.000 
1.008 
0.000 
0.175 
-0.528 
0.000 
0.659 
0.000 
0.000 
-0.439 
My(A)" 
-0.213 
-0.788 
-0.346 
0.000 
0.000 
e.340 
0.000 
-0.573 
0,000 
0.000 
-0.520 
0.000 
1.115 
-0.046 
0.000 
1,228 
0.000 
0,000 
0.003 
0,000 
0,634 
-0.327 
0.000 
C h a r a c t e r 
0,99(10^11) 
0.95(10-*12) 
0.94(10-14) 
0.91(10-13) 
0.86(10-15)+0,35(9-11)' 
0.7l(9-*10)-0.51(8-11)' 
-0 .68(9-1 l )+0.65(8- l0) 
0.59(8-11)'40.52(9-10)-0.34(6-10) 
-0,50(7-10)-0.44(6-12) '+0.35(7-13) ' -
-0.70(9-11)'+0,40(8—10)+0.40(10-15) 
0.49(8-11)'40.48(6-10)+0.33(7-12)' 
0.65(9-12)+O.4l(5-10)-0.39(6-1l) 
0.64(8-1l)-0.52(8—12) 
0.58(4- lO)-0.42(8-12) ' 
0.56(5-10) 40,54(7^10)-0.30(9-*11) 
0,63(8-11)+0.36(8-12)-0.34(7-11)' 
0.65(6-11 )'-0.44.( 5-10)+0,32(9-*12) 
0.45(9-11)'+0.44(6-11)'+0,39(8-10)-
-0,58(7-11)'-0.57(8-12)+0.34(7-11) 
-0.51(6-11)+0.45(9-14) •K).44(9-12)' 
0.78(7-1l)+0.42(,7-1l) ' 
-0.66(7-12)+0.59(9-13) 
•0.33(9^12)' 
0.38(9-12) 
0.5l(6-1l)-0,49(8-13)+<3,45(9-12)'+0,33(9-12) 
a, b See footnotes t o Table 5 . 2 . 1 . 
5.4.6. Pyrene anion 
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E(kK) Kjl)^ K (A)^ C h a r a c t e r 
X 
9.66 0.000 0.000 0.000 0.97(9^10) 
15.15 0.030 -0.424 C.OOO 0.93(9-11) 
17.20 0.000 0.000 -0.023 0 . 7 4 ( 9 - 1 2 ) - 0 . 6 4 ( 8 - 9 ) 
22.71 0.336 0.000 -1.164 0.61(8- '95-^O.52(9-12)+0.32(7-10) ' 
25.33 0.000 -0.030 0.000 0.64(9-13)+0.60(7-* 9)+0,40(8-* 10)' 
27.73 0.002 -0.091 0.000 -0 .60(7-9) -0 .53(8-10)+0.46(8-*10)»+0.34(9-13) 
28.49 0.000 0.000 0.000 0 .94 (6 -9 ) 
30.72 0.000 0.000 0.000 0 .80(5 -9 ) -0 .38(6 - *10) ' -0 .37(8 - *12) ' 
36.18 0.000 0.000 0.000 0.88(6->10)'+0.4l(5-* '9) 
36.42 0.000 0.000 0.000 0 .74 (8 -1 l ) -0 .34 (5 - * l0 ) - tO .34 (5 -10 ) ' 
37.08 0.159 0.000 0.626 0 . 7 2 ( 6 - l l ) ' 4 0 . 5 3 ( 7 - 1 0 ) ' 
37.99 0.000 0.000 0.000 o . 8 5 ( 6 ^ i o ) - o . 4 3 ( 7 - 1 1 ) 
38.50 0.378 0.947 0.000 0.53(6-»l2)-0.48(9—13)-0.46(8-*10)- fO.32(6- l2) ' 
38,99 0.075 0.000 0.419 0.67(7-* 10) ' -0.54(6—11) '-0.33(6-^11 )-0.32(7-*10) 
42.37 0.000 0.000 0.000 0 . 6 0 ( 5 - 1 0 ) ' - 0 . 5 8 ( 8 - 1 1 ) - 0 . 3 0 ( 7 - 1 2 ) 
44.65 0,409 0.000 -0.916 0 .77 (7 - l0 )+0 .44 (6 - *1 l )+0 .35 (7 - * l0 ) ' 
45.26 0.000 0.000 0.000 0.75(7-1l)-H3.5l(8-*12) 
45.83 0.525 -1.024 0.000 0 .57(5-1 l )+0.54(6-* l2 )+0.36(8-*10)+0.3 l (6 -12)» 
46.30 0.000 0.000 0.000 0 .68(7-12)+O.52(5-10) '+0 .38(5-10) 
47.09 0.000 0.000 0.000 0 .89 (7 -11 ) ' 
47.84 0.003 -0.073 0.000 0 . 6 5 ( 8 - 1 0 ) ' + 0 . 4 5 ( 8 - l 0 ) - 0 . 4 0 ( 9 - 1 3 ) 
48.56 0.000 0.000 0.000 0 .74(5-10) -0 .5 l (7 - *12) 
50.16 0.000 0.000 0.000 0.77(8-*12) -0 .46(6-*10) -0 .38(7-1 l ) 
a, b See footnotes to Ts^le 5 . 2 . 1 . 
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C H A P T i 3 R - 6 
DISCUSSION OF RESUUS 
6»1. Photo-Oxidation of Aromatic Hydrocarbons in Boric Acid Glass 
The formation of monopositive ions of aromatic hydrocarbons in 
boric acid glass , i r rad ia ted with uv l i g h t , was f i r s t of a l l esqplained by 
Bennema et a l . on the basis of photo-oxidation which was assumed to be 
governed by the photo-chemical react ion 
^ ^ + -A — A + e . (6.1) 
In t h i s process a monopositive ion of the hydrocarbon and a free electron 
are released, A detai led discussion regarding the fa te of the photo-ejected 
electrons wi l l be given in the next sect ion. 
To ascertain the occurrence of the phenomenon of photo-oxidation, 
we extended our invest igat ion t o a l l the t e t r acyc l i c aromatic hydrocarbons 
and studied in d e t a i l the effects of i r r ad ia t ion and solute concentration on 
the hydrocarbon photo-products (Fig. 3.1 - 3 .12) . The absorption spectra 
of the photo-products in boric acid glass recorded by us show a close r e -
semblance to the Spectra of the monopositive ions obtained by other workers 
in different matrices. >'>>->''» jj^ig le^ds us to believe tha t aromatic 
monopositive ions are formed in boric acid glass on ttv i r r a d i a t i o n . 
Our other experiments reveal t ha t lor a l l the hydrocarbons (except 
triphenylene) the ionic formation reaches t o a saturat ion in 10-20 ho\irs 
(depending upon solute concentrat ion) . This i s evidenced by the appearance 
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of a plateu in Figs, 3.13-3.16 and 3.18, A typ ica l phenomenon i s , 
however, noticed in triphenylene (Fig, 3.17) where the in t ens i ty of the 
710 nm band increases gradually upto a cer tain time of i r r ad ia t ion af ter 
which i t f a l l s down and shows a tendency of saturat ion a t higher i r r ad ia t ion 
times. So far we have been unable to find an explanation to t h i s pheno-
menon although one might th ink the decrease in the op t ica l densi ty a t 
higher i r rad ia t ion times i n terms of radia t ion damage. 
Me now return back to the 'mechanism' of photo-oxidation in 
boric acid g lass . The photo-chemical react ion (6, l ) i s not complete and 
uptodate. The complete d e t a i l s of the above process could be established 
95 
only when Porter e t a l . , on the basis of the r e s u l t s of thermolTiminescence 
studies of aromatic hydrocarbons in frozen solution of 3-nBthylpentane at 
77 K, found tha t photo-oxidation i s a biphotonic process with the par t ic ipa t ion 
of the t r i p l e t s ta te of the parent hydrocarbon. They proposed the following 
mechanism for t h i s phenomenon: 
A »! A — > % (6,2) 
3^ % A — ^ A ' ^ + e , (6.3) 
where the single as te r i sk (*) corresponds to the excited s t a t e of the 
molecule and the double as te r i sk (:*•*) to the higher t r i p l e t s t a t e s of 
the molectile. The extensive invest igat ions carr ied out by Joussot-Dubien 
96-99 100 101 
and Lesclaux and Walentynowicz * on the thermoluminescence of 
aromatic hydrocarbons and dyes in boric acid glass reveal tha t the above 
mechanism proposed by Porter e t a l . , i s responsible for the photo-oxidation 
in t h i s matrix as well, and t h i s now seems to be f a i r l y establ ished. 
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6,2 . Fate of the Photo-E.iected Electrons 
Bennema et a l . suggested t ha t the electrons ejected diiring 
the course of photo-oxidation are trapped tfy the boric acid matrix, but 
they did not give any ejgjerimental evidence in support of t h i s theory, 
102 Later on, Zaliouk-Gitter and Treinin studied the inorganic rad ica ls 
in the same glass where they claimed to have fovind the absorption due to 
the trapped electrons at about 250 nm. To verify t h i s , we especial ly 
investigated the absorption in the 250 nm region of various aromatic 
hydrocarbon cation radica3.s, but we failed to detect any such absorption 
as could be a t t r ibuted to these e lect rons . I t seems tha t the absorption 
102 foxind by Treinin et a l . might have been due to the presence of some 
impurit ies in the so lu te . 
The fate of th^ photo-ejected electrons v/as also investigated 
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by Feldmann and Jortner who carried out a kinetic study of radical 
production but no spectroscopic indication of the electrons could be 
detected. Thus, it was supposed that the electrons were attached to the 
solute molecules to produce the mononegative ions: 
e" + A -^ A" , (6,4) 
They made the argument tha t due to the s imi la r i ty of the op t ica l spectra 
of the anion and cation rad ica l s of an a l ternant hydrocarbon, tba formation 
of the negative ions cannot be distinguished from tha t of the posi t ive ions , 
97 This poss ib i l i t y was also considered by Joussot-Dubien and Lesclaux, but 
they assumed that not a l l but most of the electrons are captured by the 
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solute molecules. In view of ovr deduction tha t tbs re i s a c lear 
d i s t inc t ion in the e lect ronic spectra of the anion and cation rad ica l s 
of an al ternant hydrocarbon (which wi l l be discussed in d e t a i l in the 
l a t e r sect ion) , we expect tha t the spectrum of a mixture of hydrocarbon 
anions and cations should be different from the spectrum of i t s pure 
cations. In absence of any such change in ths spectra recorded by us , 
the poss ib i l i ty of the fonnation of hydrocarbon monofiegative ions does 
not seem feasible . 
99 The l a t e s t findings of Lesclaux and Joussot-Dubien, which 
are based on thermol-uminescence studies of aromatic hydrocarbons in 
boric acid glass at 77 K, seem to be most convincing. Their r e s u l t s 
suggest t ha t there sire two typos of t raps for the e lec t rons : low energy-
physical t r aps allowing ready diffusion of the electrons in the matrix 
and the chemical t r aps , the electrons being captured by the hydrogen of 
the boric acid?^'^^"' 
e" + HBOg - • H + BOg , (6,5) 
where the boric acid in the molecule has been denoted by HBOp, Due to 
the discontinuous structure of the matrix, the hydrogen atoms diffuse 
in the medium and produce e i the r a hydrogen molecule, H , tha t escapes, 
or they are attached to the rad ica l ions of the solute molecules producing 
the diamagnatic forms AH : 
A"^  + H —• AH* . (6.6) 
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I t has teen found tha t a t ordinary tenperatixres the baric acid glass 
does not re ta in the atomic hydrogen, but at 77°K the presence of these 
97 atoms i s evidenced by t h e i r charac te r i s t i c e . s . r , spectrum. The 
thermoluminescence and a . s . r , resiJ . ts of Walentynowicz reveal that 
the radical cations, A , are highly s table in comparison to the photo-
oxidation products, AH . 
6«3. Influence of Temperature on the Absorption Spectra of Aromatic 
Cation Radicals 
I t vras fotind tha t the photo-oxidation of aromatic hydrocarten 
dinegative ions in MTHF solution at 77 K leads to the formation of 
hydrocaxbon mononegative ions, ' Van Voorst showed tha t i f the tampera-
txire of the ^ a s s i s s l i gh t ly ra ised, i t softens and a react ion opposite 
to photo-oxidation takes place in which the absorption bands of the photo-
products fade away. A similar phenomenon i s found to occur in the photo-
oxidized r ig id solution of aromatic hydrocarbons in boric acid glass also 
where most of the ionic bands disappear on heating beyond 110°G (Figs. 3.19-
3.24) . I t appears tha t on heating the g lass , the mot i l i ty of the trapped 
electrons increases and they recombine with the cation r ad ica l s , A , forming 
the neut ra l molecules. On the basis of the thermoluminesconce studies of 
Walentynowicz, the followin;^ mechanism may be put forward for t h i s 
phenomenon; 
A* + e" - • \ (6.7) 
3^ —>- A + hV' (6.8) 
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Tha,t i s , due to the recombination of the free electron with the radical 
cat ion, the molecule passes to a metastable s t a te which i s a t r i p l e t 
s t a t e ; t h i s decays further with the emission of a photon of l i gh t 
observed in thermoluminescence measurements. I t i s also probable that 
the photo-products, AH , trapped in the matrix in teract with t he same 
or other species leading eventually to the neutra l molecules through 
some mechanism. 
We also studied the effect of temperature var ia t ion during 
i r r ad i a t i on on the spectra of aromatic hydrocarbons in boric acid glass 
(Figs, 3,25 - 3.30), The spectrum of the cation radica ls remained unchanged 
upto 90°C, but a nominal effect could be observed when the temperature 
was ra i sed . At about 110 C the formation of the cation rad ica l s almost 
stopped. This phenomenon may bo explained in the follovjing way. When 
the teraperatiore of the film i s ra ised, a competition s t a r t s between the 
photo-oxidation and recombination processes where the former dominates at 
temperatures telow 100°C. Around 110 C, the recombination process appears 
to be so fast tha t as soon as the cation rad ica ls are produced they are 
changed to thi3 neutral molecules as a r e s u l t of which no ionic formation 
i s detected. 
6 ,4. Comparison of the Absorption Spectra of the Cation and 
Axiion Radicals of Alternant Hydrocarbons 
I t has already been mentioned tha t as a consequence of the 
p a i r i n j propert ies of an a l ternant hydrocarbon, the opt ical and e . s . r . 
spectra of i t s cation and anion rad ica l s should be i den t i ca l . This very 
I l l 
idea had always been in the background when a s l ight shif t observed in 
the spectra of posi t ive and negative ions was a t t r ibu ted to 'solvent s h a f t ' . 
The purpose of the present discussion i s to analyze in d e t a i l the diffsrence 
observed in the optical absorption spectra of a l ternant cations and anions 
with special reference to the t e t r acyc l i c aromatic hydrocarbons. Now such 
a study seems to be more feasible in view of the ava i l ab i l i t y of the ex-
perimental data for the ion radicals of a la rge number of alterriant systems. 
To study such a comparison, we have reproduced in Figs, 6,1-6,6 
20^1 3l BB 10*' the absorption spectra of t e t r acyc l i c aromatic hydrocarbon c a t i o n s ' > > > ^ 
and anions ' + * ' ' * - ' obtained in different solvents by various I'/orkers, 
The main absorption peaks to be discussed here are indicated by Roman 
n-ujnerals. The spectra of te tracene cat ions in different matrices are 
conplotely iden t i ca l . Similarly, the spectra of the anions sho^ r^ a close 
resemblance among themselves. However, i f we compare the spectra of the 
cations and anions together, we find tha t the f i r s t and second bands do 
not show any appreciable shi f t , but the t h i r d and fourth bands of the former 
are blue-shif ted. MDreov3r, the absorption at 20-24 KK of tlie cat ions i s 
not observed in the anions. In 1,£-benzanthracene the f i r s t band of i t s 
cations and anions are imchanged, but the second and th i rd of the former 
show a shi f t to the blue. The spectra of chrysene cat ions are very much 
sitrdlar. The f i r s t band of the cat ions i s blue-shifted while the t h i rd 
band shows a shif t to the red as compared to the spectrum of i t s anion, 
while the second band remains ixnchanged, AH the throe spectra of 
3,4-benzphenanthrene cat ions resemble very closely with one another but 
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they can bo c lear ly distinguished from the spectrum of the anion. The 
f i r s t and second bands of the cat ions are blue-shifted, but the th i rd 
and fourth bands show a shi f t to the red . The f i r s t and t h i r d bands of 
triphenylene cations show a s l i ^ t shif t t o the blue, but the s t ructure 
in the 14-20 kK region of the cations and anions are s l i gh t ly varied. 
The spectra of pyrene cat ions are very much similar and the same i s tirie 
for the anions as well . But, the f i r s t thr^se bands of the cat ions are 
blxie-shifted while the fourth one remains unchanged. 
In a l l the cases studied here the f i r s t baiids of the cat ions 
are generally blue-shifted. The other bands also show some var ia t ions , 
but no def ini te trend co-uld be found for thorn. In general, we find tha t 
with reg.ard to the t r ans i t i on energies, v ibra t ional stmacture, and general 
appearance, the spectra of the a l ternant hydrocarbon cation rad ica ls 
produced in different matrices show a close resemblance among themselves. 
Similar i s the case for tbedr anions a l so . On the other hand, the spectra 
of the cation and anion radica ls of an a l ternant hydrocarbon show a msirked 
difference between them, A siirvey of the spectra of othor a l ternant systems 
reveals the same general tendency. We feel tha t such a close resemblance 
in the spectra of a pa r t i cu la r species (cat ions or anions) produced i n 
different solvents and the difference observed in the spectra of tha cat ions 
and anions of an al ternant hydrocarbon cannot be accidental . Therefore, 
we suggest that the spectral sh i f t s observed here are not due to the 
difference of solvents, but are the charactar is t ies of the hydrocarbon cat ions 
and anions. 
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6»5. In te rpre ta t ion of the Electronic Spectra of Tetracyclic 
Aromatic Hydrocarbon Cation Radicals 
6 , 5 , 1 , General 
The molecules with Dp, symmetry (such as te tracene and pij^rene) 
have two symmetry planes (excluding the molecular plane) T/*iich crea te two 
sets of allowed t r ans i t i ons vdth mutually perpendictilar polar izat ions alongwith 
a set of forbidden t r a n s i t i o n s . On the other hand, the spectra of the mtttoctilos 
having lower number of symmetry planes are generally more conplicated. The 
presence of a single plane in 3,4-benzphenanthrene and triphenylene (having 
C„ and D ,^ symmetries, respectively) wil l create two se ts of t r ans i t i ons with 
polar izat ions perpendicular to each other, but none of them wil l be dipole 
forbidden. The only exception i s chrysene (with C . symmetry) which has a 
point of symmetry, so tha t the i^rmmetric s t a t e s are dipole forbidden. The 
remaining s t a t e s of chrysene are antisymmetric v/hich mutually in te rac t with 
each other i r respect ive of t h e i r polar izat ion d i rec t ions . In 1,2-benzanthracene 
(with C' symmetry) there ex i s t s no symmetry plane as a resu l t of which the 
t r ans i t i ons have no def in i te d i rec t ions of po lar iza t ions . These findings 
are t rue for the neutral!, molecules as well as t h e i r radical ions and are grea t ly 
helpful in studying the i r e lectronic spectra . 
For the in terpre ta t ion of the absorption spectra of the aromatic 
hyrocarbon cation radica ls , we have used the r e s u l t s of Par iser-Parr and ftee 
electron KJO calculat ions tha t axe val id for the anions and cat ions both. The 
calculated in t ens i t i e s and polar izat ions play an important role in the i d e n t i -
f ication of the absorption bands. But, vinforturnately polar izat ion measurements 
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have been made only for a very limited number of ionic systems. Of the 
hydrocarbons studied in t h i s t he s i s , te t racene and pyrene anions are the 
only systems whose polar izat ion data are known. In the in te rpre ta t ion 
of our r e s u l t s i t i s assumed t ha t the polar iza t ion data for the anions 
are valid for the cations as well . 
The e lec t ronic spectrum of each cation rad ica l i s discussed in a 
separate subsection where a diagrammatic representat ion of the calculated 
spectra based on different approximations i s shown to compare favourably 
with the observed spectrum. In the observed spectrum, the posi t ions 
of the main absorption bands and the i r polar iza t ions , i f known, are 
indicated by the l e t t e r s X and Y which correspond to the axes of the 
iKDlecules shown in Fig. 2 . 1 . The calculated t r a n s i t i o n s are shown by 
s t icks whose lengths indicate t he i r o s c i l l a t o r s t rengths . The approximate 
di rect ions of t h e i r polar izat ions are indicated by small arrows. At the 
bottom of each such diagram, the designation of each t r ans i t i on , represent-
ing the c lass t o which i t belongs, i s shown. This c lass i f i ca t ion i s based 
on the mixing ol different excited s t«te configurations where the symbol 
with a single l e t t e r (such as 1,A, 3) re fers to the pa r t i cu la r configuration 
whose contribution t o the totaU. wave function i s very large compared to 
othar configurations contributing /110'J> to the t o t a l wave function. In 
the symbols v/ith two l e t t e r s (such as lA, AB, e t c . ) , the f i r s t and second 
l e t t e r s correspond to the configurations with the f i r s t and second la rges t 
contributions t o the t o t a l wave function , respect ive ly . Although in some 
cases a numbwr of forbidden t r ans i t i ons are predicted by the ca lcula t ions . 
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only the f i r s t of these i s shown by a dashed l i n e . 
In the same subsection we have also tabulated the experimental 
data for the cation radica ls aad an assignment of the absorption bands 
i s made. Since in the present ca lcula t ions we have used only 41 con-
figurations conprising the ground s t a t e and a l l the doublet excited s t a t e s 
a r i s ing from the one-electi«n exci ta t ions between the highest four ful ly-
f i l l ed , the p a r t i a l l y - f i l l e d , and the lowest four unf i l led MO's, the 
predict ions for the higher-energy t r a n s i t i o n s are not accurate to the 
desired extent . Also, the precise measurement of the absorption spectra 
above 4© WL i s not quite r e l i ab le due to the l imi ta t ions of the spectro-
photometer. Therefore, in most of the cases the assignment of the bands 
si tuated in the region above 40 kK has not been made. 
In the following we have changed the order in which the different 
ionic systems were discussed previously. This has been done in view of 
the fact tha t from the r e su l t s of t e t racene , pyrene, and triphenylene 
cations, which have already been studied in more d e t a i l , we may draw 
certain def in i te conclusions regarding the trend of deviation between 
the observed and calculated r e s u l t s . This may be helpful in the in t e r -
pretat ion of the electronic spectra of the cation rad ica l s of other 
hydrocarbons. 
6 .5 .2 , Tetracene Cation (T"^ ) 
Tetracene i s the f i r s t member of the group of t e t r acyc l i c 
aromatic hydrocarbons. I t i s , therefore , qui te natural to ejq^ect t h a t 
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t h i s molecTile has been studied nore extensively as compared to the other 
members of i t s group. This i s t rue for the tetracene ion radica ls as well . 
A number of workers ^ ' have studied the electronic 
absorption spectra of tetracene anions which were produced in THF solution 
by alkeO-i metal reduction. A different teclmique was, however, used by 
Shida and Iwata who produced these anions in MTHF by / - i r r a d i a t i o n , 
and measured t h e i r absorption spectrum. The tetracene cation radica ls 
107 
also have been extensively studied. Weissman and co-workers and 
108 1? 
Carringbon e t a l . produced them in cone. E^SO,, while Lewis and Singer 
found tha t these cat ions are formed by oxidation of te tracene with 3bCl_ 
20r21 + 
in CHpClp solvent. Aalbersberg et a l , reported the formation of T 
in Various matrices- such as anhydrous OF, dichloroethane, and cone. H-SO., 
and recorded t h e i r absorption spectra. The electronic spectra of these 
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cat ions have also been obtained by Kimura et a l . in cone. HpSO, and by 
Shida and Iwata in sec-BuCl by T ' - i r radiat ion. All the ion radica ls 
reported above were produced at low temperatures. 
The te t racene ion radicals have also been 'studied theo re t i ca l l y 
8l by a nvunber of workers. Balk et a l . calculated the e lec t ronic spectrum 
of T" using a simple LGAO MO treatment with very l imited configuration 
in te rac t ion . Hoijtink and Zandstra also made similar calculat ions and 
interpreted the electronic spectrum of these anions. On the other hand, 
82 -
Kurrell e t a l , calculated the t r ans i t ion energies and i n t e n s i t i e s of T~ 
where they used the HUckel, Par iser-Parr , simplified Pariser-Paxr, and 
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Pcfsle msthods with l imited configuration in te rac t ion . On the basis of 
the resTiLts of these caLcxilations, they re in terpre ted the electronic 
spectrum of T"", The same methods were used by Tr ina js t ic to ca lcula te 
the t r a n s i t i o n energies of T , who found iden t i ca l r e s u l t s as obtained by 
87 8S 
^iu^rell-et a l . Becently, Zahradnik and Garsky and Shida and Iwata 
employed a PPP SCF method for the calcula t ion of the e lec t ronic spectrum 
of T where they used limited but large configuration in te rac t ion . 
In Fig. 6,7 we have presented the absorption spectrum of T in 
boric acid glass and compared i t with the calculated spectra . From the 
figure i t i s obvious t h a t the r e s u l t s based on the PP (MS) calculat ion 
are in best agreenent with experiment, while the PP(P) method sh i f t s the 
whole spectrum towards the high-energy side. The predict ions of the FEMO 
method for the higher-energy t r a n s i t i o n s are sa t i s fac tory , but the lowei>-
energy t r a n s i t i o n s are blue-shif ted. Moreover, the FEMO method over-
4 
estimates the i n t e n s i t i e s of the higher-energy t r a n s i t i o n s approximately 
tjr a factor of 2 as compared to the PP method, 
A comparison of the experimentally observed absorption bands of 
T in different matrices i s given in Table 6,1 and t h e i r assignments are 
made on the basis of the PP (MN) ca lcu la t ion . This n^thod predic ts 11 
forbidden t r a n s i t i o n s in the spectra l region upto 50 kx (see Table 5.3.1) 
of which the f i r s t two are of I type and the r e s t are of B type. In the 
same spectral region we also expect 11 allowed t r a n s i t i o n s : 1 (2) , A( l ) , 
and B(8) [where the numbers in brackets indicate the number of t r a n s i t i o n s J 
* A similar s i tua t ion also a r i ses in the FfiMO calcula t ions for neut ra l 
111 molecules where Ham and Ruedenberg used a 
match the calculated and observed i n t e n s i t i e s . 
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correction factor of l / 2 to 
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Leaving aside the l a s t three allowed B t r ans i t i ons whose energies are 
> 42 Ifc, we have at l e a s t four t r a n s i t i o n s which are predicted to be 
strong (f > O. l ) , and are polarized along tfhe x-axis of t he cat ion. In 
the experimsntsQ. spectriiin of T we observe four strong absorption bands at 
11.4, 25.2, 28,4> and 36.0 kK which are x-polarized according to the 
17 
measurements of Hoijtink and Zandstra . These bands are eas i ly assigned 
as I ,B , B, and B, respect ively. This i s also favoured by the assignments 
^ +v 1 16,17,82,88 
of other workers, ' * * 
According to the PP (M) calculat ion there are four y-polarized 
t r ans i t i ons I , A,B, and B in the spectral region 6-42 liK. Of these 
t r ans i t i ons , I i s predicted to be s l i gh t ly strong (f ^ 0,08), A i s weak 
(f ^ 0.02), and the two B bands are very weak (f ^ 0.01), The calculat ions 
show tha t these B bands are located on the two sides of the strong 
x-polarized B t r a n s i t i o n . In the spectrum of T we observe two weak 
absorption bands at 26.6 and 31.2 kK which seem to correspond to the 
calculated B bands. The y-polarized I t r ans i t i on has not been observed in 
the spectrum of T~. However, we do observe absorption bands between 
20-24 kjc in T which are also present in the spectra of the cat ions produced 
20 B'i 
in other matrices . Tr inajs t ic has pointed out t ha t t h i s absorption 
might be due to formation of a proton complex of T as i t i s absent from 
the spectrum of T~, I t i s quite l i k e l y tha t due to poor i n t ens i t i e s , 
these bands might not have been detected in T~. We feel t ha t the weak 
absorption a t 22,2 kK in T may be assigned as the y-polarized I t r a n s i t i o n . 
The ident i f ica t ion of the allowed A band and the forbidden I band 
i s s l igh t ly diff ic i i l t t o make. Our calculat ions suggest t ha t the A band 
(which i s y-polarized) should be si tuated near the strong I band on i t s 
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T A B L fi ~ 6.1 
Comparison and assisaiment o f the exDerimentnl lv 
t e t r a c e n e c a t i o n r a d i c a l (T ) 
E 1 
observed e l e c t r o n i c bands o f 
and t h e corresponding c a l c u l a t e d t r a n s i t i o n a ^ 
: F E R 
C l a s s i - P o l a r i z - Aalbersberg 
f i c a t i o n a t i o n ^ , ^ 20,21 
e t a l . CF -COOH-
I 
I X 11.6 
13.2 
I y 23.0 
B X 25.7 
3 y 26 .6 
B X 29.0 
B y 
B X 
Dich lo ro -
ethane 
(DCE) 
11.8 
13 .4 
U . 9 
21.6 
22 .5 
23 .2 
25 .5 
27 .0 
28 .7 
36 .8 
I M E 
Kimura 
et ai?9 
Cone. 
« 2 ^ 4 
11.7 
12.3 
12.9 
13.1 
14.7 
15.9 
22 .3 
22 .9 
2 3 . 4 
25.6 
26 .7 
28.9 
29.8 
30 .3 
37.0 
N T A 
Shida and 
88 Iwata 
aec-
BuCl 
10.8 
11.6 
12.2 
13 .4 
19.8 
22.9 
2 5 . 4 
26.7 
28.6 
L 
P re sen t 
work 
Boric 
ac id 
10 .4 ( sh ) ' 
11 .4(vs) 
13 .0(s ) 
14.7(w) 
l 6 . l ( w ) 
22.2(m) 
23.7(w) 
25.a(vs) 
26.6(w) 
28 .4(vs ) 
29.2(w) 
31.2(w) 
36 .0 (vs ) 
THEORETICAL 
Presen t 
vrork 
PP(M^J) 
c a l c . 
' 15.6 
11.6(0.15) '^ 
24 .0(0 .08) 
28 .9 (0 .38) 
31 .5(0 .007) 
34 .6 (0 .19 ) 
37.5(0 .008) 
41 .0 (1 .35) 
a he energies (quoted in kilokaysers) refer e i the r to maxima or shoxilders in the 
experimental spectrum. 
The l e t t e r s x and y correspond to the molecular axes in Fig. 2 . 1 . 
Relative i n t e n s i t i e s : sh, shoulder; w,weak; m,medium; s ,s trong; vs,very strong. 
The Quantities in brackets refer to the cnlculKted f-values. 
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higher-energy s ide. In the spectrum we observe absorption bands a t 
13.0, l i t .? , and 16,1 kji, but these can be analyzed as the vibronic bands 
of the 11,4 kX t r ans i t i on having the itmdniental frequency ~ I6OO cm" . 
Moreover, the polar izat ion measuren.ents in t h i s region do not reveal any 
y-polarized absorption. I f the A band i s also located at the same place 
then i t must be assumed to be hidden in the v ibra t ional progression of 
the 11,4 kK band. In t he spectrum we also observe a weak absorption at 
10.4 kK which should be y-polarized according t o the polar izat ion measure-
16 
ments of Zandstra. In analogy with the observation t ha t the lowest-energy 
t r ans i t i ons in naphthalene and anthracene anions should be forbidden, 
82 — 
Murrell e t a l . assign the lowest-energy absorption in T~ to be forbidden. 
This assignment seems to be quite convincing, and on t h i s bas is we assign 
the 10,4 kK band in T as the f i r s t forbidden I t r a n s i t i o n . 
In general, the agreement between the experimental and t h e o r e t i c a l 
r e s u l t s i s quite sa t i s fac tory . I t i s par t ic t i lar ly i n t e r e s t i ng to note tha t 
the present r e s u l t s based on the PP (M-J) calculat ion are as good as those 
obtained by Zahradnik and Carsky and Shida and Iwata who used semi-
empirical PPP SCF methods, 
6 , 5 . 3 . Pyrene Cation (Pv ) 
IMlike the other numbers of t e t r acyc l i c aromatic hydrocarbons, 
pyrene belongs to the c lass of pericondensed hydrocarbons. These systems 
are found to be quite in t e res t ing for the reason tha t the agreement between 
theory and experiment in such cases i s generally not as good as found for 
the catacondensed systems. 
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The pyrene anions (Py ) were produced by Balk e t a l . , Hoijbink 
and Zandatra, '^'^ and Hush and Rowlands^ ""^  in THF or MTHF solution by 
113 
a l k a l i metal reduction, while Christodouleas and Hamill and Shida 
88 ^ 
and Iwata used the / - i r r a d i a t i o n technique for t h e i r formation. These 
workers also studied the e lec t ronic spectra of these anions. Similarly, 
the pyrene cat ions also have been studied l^ r a number of workers, Kon 
11A 1P 
and Blois reported t h e i r formation in cone. H SO • and Lewis and Singer 
fotind tha t these ions are formed by oxidation of pyrene with Sb Cl_ in 
CHg Clg solvent. Their absorption spectra were, however, recorded by 
115 33 
Blomgren and Kommandeur and Badger and Brocklehurst "^  who produced them 
in mixtures of pyrene and Sb CI- in GCl. and pyrene and sec-3u Gl in 
31 88 
isopentane, respect ively. Shida and Handll and Shida and Iwata also 
produced these cat ions in sec-Bu 01 by Y- i r rad ia t ion and studied t h e i r 
electronic spectra. 
81 110 
,Hoijtdnk and co-workers ' calculated the t r a n s i t i o n energies 
and i n t e n s i t i e s of pyrene anion using a simple LCAO MO method with l imited 
CI and made an in terpre ta t ion of the observed spectrum. Later on, Zahradnik 
87 
and Carsky used the PPP SCF method for such calculat ions with ra ther 
large CI, but they did not make a de ta i led study of the spectmam. Shida and 
88 Iwata also made calctilations for the spectrum of pyrene anion where they 
used a method similar to tha t enployed by Zahradnik and Carsky, On the 
basis of t h e i r experimental and theo re t i ca l studies, Shida and Iwata 
c r i t i c a l l y discussed the spectrum of Py~. The t r ans i t i on energies of 
89 pyrene anion were also calculated by Khan et a l , using the FiiMO method 
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and the ' t ight -b inding ' and ' i n t r a - r i n g ' approximations. Although they 
en^jloyed very limited CI, the r e s u l t s obtained by them were in good 
agreement with experiment. 
We have measured the absorption spectrum of Py i n boric acid 
glass and calculated i t s t r a n s i t i o n energies and i n t e n s i t i e s usijng 
different methods. The observed and caiiculated r e s u l t s are presented in 
Fig. 6 .8 . Again, the r e s u l t s based on the PP (K^l) method are in best 
agreement with experiment, while the PP(P) method sh i f t s the whole spectrum 
on the higher-energy s ide . The predict ions of the FEM) method are as 
good as those of the PP (MN) method for the lower-energy t r a n s i t i o n s , but 
for the higher-energy t r a n s i t i o n s the agreement i s not so good, and in 
many cases the order of the t r a n s i t i o n s i s reversed. We have, therefore , 
selected the PP (MN) method for the in te rpre ta t ion of the e lect ronic 
spectrum of Py . According to t h i s method there are 11 forbidden t r a n s i t i o n s 
in the spectra l region upto 50kK of which the f i r s t one i s of type I and 
the r e s t of them belong to t he c lass B. In the same region we also expect 
10 allowed t r ans i t i ons which are c l a s s i f i ed as l ( l ) , l A ( l ) , AI ( l ) , I B ( l ) , 
and B ( 6 ) , Airong these t r a n s i t i o n s , the lA and the 2nd, 4th and 6th 
B t r ans i t i ons are predicted to be very strong (f > 0 , l ) and hence they 
should be eas i ly ident if ied in the spectrum of Py. The other t r a n s i t i o n s 
which also are not very weak are the f i r s t allowed I t r an s i t i on , and the 
f i r s t and th i rd B t r ans i t i ons . 
On the basis of these observations we have made an assignment of 
the observed absorption bands of Py i n Table 6.2. In the same t a b l e we 
have also compared tho different experimental data for Py , and in the l a s t 
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column axe given the corresponding calculated t r an s i t i on energies and 
t he i r o s c i l l a t o r strengths. According to the calcula t ions the lowest-
energy t r a n s i t i o n (I) sho^lld be forbidden. We have not been able to 
record t h i s t r an s i t i on . The f i r s t band i s observed at 12,5 kK and i s 
assigned as I (x-polarized) . The calcula t ions predict two y-polarized 
t r a n s i t i o n s AI and lA, the f i r s t of these being weak and the other one 
very strong. Both the t r a n s i t i o n s are observed in the spectrum of Py 
81 
at 15.2 and 22,2 W(, respect ively. Ear l i e r , Balk et a l . had assigned 
the f i r s t of these bands in the spectrum of Fy" as x-polaxized, which i s 
not correct according to our ca lcula t ions as well as the polar izat ion 
measurements of Hoijtink and Zandstra, ' 
According to the PP (M) calcula t ion there should be th ree 
x-polarized B t r ans i t i ons in the u l t r a v i o l e t region. These have been 
ident i f ied as the strong absorption bands at 27,4* 31.3, and 36.4 WC. 
This i s in agreement with the assignments of other workers. * We observe 
one more absorption band at 29.5 kK whose in tens i ty @Des on decreasing 
on uv i r r ad i a t i on . This appears to be due to pyrene molecule and not 
due to i t s cat ion. The calculat ion p red ic t s a strong y-polarized B t r a n s i -
t ion in the higher-energy region which i s ident i f ied as the intense 
absorption at 41.2 kK. 
— 110 
I n the spectrum of Py , Hoijtink e t a l . ascribed the weak 
absorptions at 17-19 kK and 21-25 kK as to be due to some proton complex 
of Py , However, Shida and Iwata, on the basis of t h e i r deta i led i n v e s t i -
gations, ruled out the formation of any proton complex. I'loreover, they 
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'f A B L B - 6.2 
Comparison and assienntsnt of the experimentally observed electronic bands of 
pyrene cation radica l (Fy ) and the corresppnding calculated transj-tions^ 
fix P E R I M E K T A L THEORETICAL 
c l a s s i -
f icat ion 
I 
^ 
IB 
lA 
B 
B 
B 
B 
Polar i - ' 
zation'' 
X 
y 
X 
y 
X 
X 
X 
y 
Shida and Badger and 
31 33 
HamiU Brocklehurst 
sec-BuGl BuCl + iP 
12.6 
13.9 
15.5 
16.7 
17.9 
20.1 
22.5 
22.7 
23.4 
23.9 
24.8 
12.4 
13.7 
14.9 
17.6 
19.8 
21.9 
22,4 
23.0 
23.6 
26.8 
Shida and 
Iwata 
sec-BuGl 
12.7 
13,9 
15.3 
16.0 
17.8 
20.1 
22.1 
22.6 
23.2 
23.7 
24.8 
Present 
work 
Boric acid 
12.5(m)° 
13.5(w) 
I5.2(m) 
I8.5(w) 
20.4(ni) 
22.2(vs) 
23.8(sh) 
24.5(sh) 
27.4(3) 
27.9(m) 
31.3(vs) 
36.4(vs) 
37.9(m) 
39.4(w) 
4l.2(vs) 
Present 
work 
PP(^fJ) ca lc . 
13.7(0.05)*^ 
16.6(0.003) 
19.7(0.006) 
22.5(0.32) 
30.2(0.03) 
36.9(0 .4JO) 
44.0(0.11) 
47.8(0.59) 
a ,b ,c ,d 3^^ footnotes to Table 6,1 
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noticed tha t the absorption at 21-25 kiC may be regarded as the v ibra t ional 
— + 
stmacture of the intense v i s ib le band of Py . In the spectrum of Py we 
notice only two weak absorptions at 23.B and 24.5 k^ which we assume to 
be the vibra t ional bands of the 22.2 kK t r a n s i t i o n . The calculat ion 
predicts a weak x-polarized IB band on the lower-energy side to the strong 
v i s ib le band. We consider t ha t the absorption at 20.4 k^ i s due to t h i s 
t r a n s i t i o n . The th i rd B t r ans i t i on , which shotild be y-polarized, could 
not be observed in the spectrum. Thus, we have very successfully i n t e r -
preted the spectrum of Py on the basis of the PP (M) method, 
6.5.4« Trjphenylene Cation (Tp ) 
Triphenylene has received a l o t of i n t e r e s t since ear ly times 
as i t displays a long-lived phosphorescence when i r rad ia ted with uv l i g h t . 
Although the change in the colour of triphenylene in boric acid glass 
on uv i r r ad ia t ion was noticed by Evans, i t were Bennema et a l . who 
f i r s t of a U reported the absorption spectrum of triphenylene cation 
in t h i s g lass . However, these workers did not make a deta i led study of the 
31 S8 + 
spectrum, Shida and Hamill and Shida and Iwata prxjduced Tp in 
sec-BuGl by Y - i r r a d i a t i o n , Sindlarly, the triphenylene anions (Tp") 
also have been extensively studied by a nximber of workers. Balk et a l . , 
Busahow and Hoijtink, and de Boer produced them tjy a l k a l i metal 
113 88 
reduction, while Christodouleas and Hamill and Shida and Iwata used 
the X-irradiation technique for their production. They also recorded 
the absorption spectra of these species. 
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On the other hand, only a few workers have made calculat ions for 
the electronic spectrum of triphenylene ions. Shida and Iwata made 
3CF CI calciilation for Tp~ where i t was considered to have nondegenerate 
117 
ground s t a t e . Recently Zahradnik et a l . have calculated the spectrum 
of Tp" within the framework of the PPP approximation where the GI treatment 
was based nn the 'ha l f -e lec t ron ' SCF theory which accounts exp l i c i t l y 
for the presence of degenerate molecular o r b i t a l s cons t i tu t ing the open she l l . 
We have made calculat ions for t r iphenyla ie ion radica l using the 
Par iser-Parr and FEKD methods where the ground s t a t e of the ion rad ica l 
was considered to be nondegenerate. The observed and calculated spectra 
of triphenylene cation are presentod in Fig. 6 .9 . Having a look at the 
figure, one may eas i ly make a guess about the correspcndence among the 
different calculat ions as well as between the calculated and observed r e s u l t s . 
As regards the t r an s i t i on energies, the predict ions of the PP(P) and PP (MN) 
methods are nearly ident ica l for the lower-energy t r ans i t i ons , but the 
higher-energy t r a n s i t i o n s are considerably blue-shifted in the former method. 
On the other hand, the lEI'D method overestimates the posi t ions of the 
lower-energy t r a n s i t i o n s , but i t s predict ions for the higher-energy t r a n s i -
t ions are as good as tha t of the PP(M) method. In comparison to te t racene 
and pyrene cat ions, the calculated i n t ens i t i e s for Tp show a marked deviat ion 
118 from the observed i n t e n s i t i e s . According to Hoijtink, such a disagreement 
may be a t t r ibuted to the Jahn-Teller d i s t o r t i on . 
The PP (M) method predic ts 19 e lec t ronic t r a n s i t i o n s in the 
spectral region upto 50 kK, a l l of which are allowed. These may be c l a s s i -
fied as : 1(4) , AB(l), Hr( l ) , BAd), and B(l2). However, from the 
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experimental point of view, we shal l not consider the five higher-energy 
B t r a n s i t i o n s . On the basis of these considerations we have lOade an 
assignment of the observed electronic bands of Tp in Table '6.3 where 
the experimental r e s u l t s of other workers are also given alongvith the 
calCTxlated t r ans i t i on energies. Broadly speaking, the absorption spectrum 
of Tp* may be divided into four different regions; 5-10, 10-20, 20-30, 
and 30-/HJ0 k.K, This has been done on the basis of the observation t ha t 
in each region there occur a c lus t e r of bands. According to the ?P (^N) 
Calculation the lowest-energy band should be s i tuated at 5,4 kK« We could 
not observe t h i s band as i t i s located beyond the range of otir measuremsnt. 
go 
However, Shida and Iwata have observed i t at 6.2 idt, and we assign i t as 1 . 
The weak absorptions at 7.7, 9.2, and 10.7 kK may be regarded as the 
v ibra t ional s tructure of the major peak at 6.2 kK, and can be analyzed in 
terms of the fundamental mode of v ibra t ion of v^1500 cm~ . In t he second 
region of t he spectrum, the cal-culations predict three closely-spaced 
I bands. According to PP calculat ions the middle band should be more 
strong as compared to the other two bands, but the IWO method predic ts the 
f i r s t band to be weeik and the other two strong and equal in i n t ens i ty . On 
117 the other hand, the recent calcula t ions of Zahradnik et a l . (which are 
cer ta in ly bet ter than those of ours) , reveal only two elect ronic bands 
of approximately equal in tens i ty in t h i s region, and the same i s estaolished 
+ 117 
from the photoelectron spectriim of Tp a l so . Thus, we assign the 
absorption bands at 14»1 and 17,1 kK as belongiag to the c lass I , while 
the absorption at 15,5 kK may be regarded as the v ibra t ional s t ructure of 
the intense I t r a n s i t i o n . 
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T A B L E - 6.3 
Comparigon and assignment of the exnerimentallv observed electronic bands of 
trip]ienylene cation radica l (Tp ) and the corFespond^.g celculated t r ans i t i ons^ 
t ion t ion ' ' 
AB 
BA 
BE 
B 
B 
X 
y 
X 
d X P fi R 
Shida and 
Hamill^'' 
sec-BuCl 
14.0 
15.4 
17.0 
21.0 
24.7 
25.2 
26.0 
27.8 
I M E N T 
Shida and 
Iwata 
sec-BuGl 
6.2 
7.6 
9.1 
10.6 
14.0 
14.4 
15.5 
16.9 
21.0 
24.7 
25.3 
25.9 
26.7 
27.7 
28.8 
A L 
Pre sent 
work 
Boric acid 
7.7(sh)° 
9.2(w) 
10.7(w) 
14.l(vs) 
15.5(s) 
17.l(m) 
20.9 (w) 
24.4(vs) 
25.6(m) 
27.l(in) 
28.9(w) 
29.7(w) 
30.3(w) 
31.2(m) 
34.9(3) 
38.5(vs) 
39.7(s) 
Theoretical 
Present 
work 
PP(MN) ca lc . 
5.4(0.03)'^ 
14.7(0.08) 
15.2(0.03) 
26.6(0.03) 
32.4(0.06) 
34.6(0.07) 
35.3(0.22) 
38.8(0.50) 
41.2(0.55) 
a ,b ,c ,d 2gg footnotes t o Table 6 . 1 . 
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The most prominent band in the t h i rd region of the spectrum 
i s observed a t 24,4 kK and i s ident i f ied as A3, All the calculat ions 
predict the in tens i ty of t h i s band to be very weaX and the same i s found 
88 ' 117 
by Shida and Iwata and ZaVsradnik et a l . a l so . Such a disagreemant i s 
not very unusual in highly symmetrical nonlinear molecules l ike triphenylene, 
and may be due to Jahn-Teller d i s to r t ion . The absorption bands a t 27.1 
and 28.9 Idi are ident i f ied as B and BA t r a n s i t i o n s , respect ively. The 
weak bands a t 29.7, 30.3, and 31.2 IcK which appear on the higher-energy 
side to the 28.9 kK electronic t r ans i t i on , may be considered as i t s 
vibrat ional s t ruc ture . I t might be mertioned, however, tha t these bands 
coupled with the mode of vibrat ion of V'^750 cm are also present in the 
neut ra l molecule. The calculat ions show tha t the fourth r-^gion of the 
spectrum i s crowded which creates some d i f f i cu l ty in the assignment of a 
r e l a t i ve ly smaller number of observed ionic bands in t h i s region. The 
calculated in tens i ty , however, helps in the iden t i f ica t ion of the observed 
band at 34»9 kK as x-polarized 31 t r a n s i t i o n . In triphenylene wolecvle, 
the 38.5 kK band was assigned as a degenerate e lect ronic t r ans i t ion in 
accordance with the theore t i ca l predict ions, while the band at 39.7 kK 
was considered as i t s vibrat ional structiure [ R.S.Becker et a l . , J.Chem. 
Ihys . J8 , 2144 (1963) ] , But the present calculat ion shows that the 
degeneracy i s removed in Tp where we expect two B type of bands separated 
by 2,4 kK. Therefore, in the spectrum of Tp we assign the observed bands 
at 38.5 and 39.7 kK as B t r a n s i t i o n s . 
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6.5»5. 1.2-3Qnzanthracena Cation (Ba ) 
119 
Evans and Tabner wers the f i r s t to produce sodium 
1,2-benzanthracene (Ba" Na ) by passing THF solution of 1,2-ben2anthracene 
over a freshly sublinied sodium film. They only mentioned ttie posi t ions 
of i t s various absorption maxima in the region l6-26 kK, Later on, 
Christodouleas and Hamill produced 1,2-ben2anthracene anions (Ba~) in 
/ - i r r a d i a t e d MTHF, but no spectrum was reported. Shida and Iwata measured 
the absorption spectrum of Ba" Hhich was produced by the method used by 
120 Christodouleas and HamiU. On the other hand, Kira et a l . reported the 
formation of Ba in oxygenated benzonitr i le solution by pulse r ad io lys i s . 
88 Shida and Iwata produced these cat ions in sec-BuCl by T ' - i r rad ia t ion 
and recorded t h e i r absorption spectrum in the region 5-28 kK. 
We have studied t he absorption spectrum of Ba experimentally 
as wen as t heo re t i ca l ly . The resxilts are presented in Fig. 6,10, The 
PP(P) method sh i f t s the whole spectrum towards the higher-energy side, 
while the PP(MM) method shows a close agreenent with the observed r e s u l t s . 
The r e s u l t s based on the FiCMO net hod are s l i g h t l y be t te r than those of the 
PP(P) method, but ra ther poor as compared to the PP (M) method. The 
l a t t e r method predic ts 20 e lec t ronic t r a n s i t i o n s which are c lass i f i ed as I(3)» 
A l ( l ) , I A ( 1 ) , and B(l5). Since we have used limited CI in the presoat 
Calculations, the calculated higher-energy t r a n s i t i o n s are not very r e l i a b l e . 
Therefore, we shal l not consider the seven higher-energy B t r a n s i t i o n s for t he 
purpose of in te rpre ta t ion of our da ta . 
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T A B L E - 6.4 
Coniparj.3on and assienment of t h e exDerimental lv observed e l e c t r o n i c bands of 
1.2-b8nzantbraceiie c a t i on r a d i c a l CBa ) and t h e 
C l a s s i f i c a t i o n 
I 
I 
X 
KL 
lA 
B 
B 
B 
B 
B 
B 
B 
E X P iC R 
Shida and 
Iwata 
sec-BuCl 
6.5 
8.5 
11.2 
12.0 
12.7 
13.8 
15.3 
17.6 
19.0 
19.6 
21.0 
22.5 
25.6 
I M fi K T A L 
P resen t 
work 
Boric ac id 
11 .2 (vs ) ° 
12.2(m) 
I3.7(w) 
I5.3(w) 
I7.6(w) 
I9 .8 ( sh ) 
2 1 . l ( s ) 
24 .9 ( s ) 
26 .0(vs ) 
27 .0(sh) 
29\l(m) 
3 0 . l ( s ) 
31.5(w) 
34 .5(sh) 
35 .7(vs) 
corresppnding pplc t i la ted t r a n s i t i o n s ' 
THSORiiTIGAL 
Presen t 
work 
PP(MN) c a l c . 
6 .5(0.02) '^ 
13 .0(0 .10) 
16.7(0 .004) 
19 .5(0 .03) 
21 .8(0 .10) 
27 .9 (0 .11 ) 
28 .8 (0 .17) 
32 .7 (0 .03) 
35 .0 (0 .08 ) 
37 .1 (0 .03) 
38 .3 (0 .08) 
39 .0 (0 .52) 
^''^' See footnotes to Table 6 . 1 . 
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In TabLa 6,4 the present experimental r e s u l t s for Ba are 
88 
con5)ared with that of Shida and Iwata and an assignment of the e lectronic 
bands i s presented. The calculat ions reveal tha t there are at l ea s t five 
electronic t r a n s i t i o n s : I , I A, B,B, and B, which are predicted t o be very 
strong (f $ : 0 , l ) . These are readi ly ident i f ied in the observed spectrum 
of Ba as the intense absorptions at 11.2, 21 ,1 , 24.9, 26,0, and 35.7 kK, 
respect ively. Of these t r a n s i t i o n s , the lA band i s near ly y-polarized and 
the r e s t of the bands are near ly x-polarized. The weak absorption at 
12,2 kK seems to be the v ibra t ional band of the intense I t r a n s i t i o n . The 
calculat ion predicts the lowest-energy t r a n s i t i o n I to be s i tuated at '-' 6,5 kK 
which we have not been able to record due to experimental l im i t a t i ons . The 
two weak absorptions a t 15.3 and 19,8 kK are ident i f ied as belonging to the 
c lasses I and AI, respect ively . On the higher-energy side to the strong 
26.0 kK band we observe s l i gh t l y weaker bands at 29 .1 , 30 ,1 , and 31.5 kK and 
assign them as B. In the spectrum there appears a shoxilder a t 34.5 kK which 
was present in the neu t ra l molecule as an intense e lec t ronic band. The 
calculat ion predicts a B t r ans i t i on on the lower-energy side to the strong B 
band, and t h i s appears t o be the 34.5 kK band. 
Thus, the electronic spectrum of Ba has been very successfully 
in terpre ted , ^k>^eov3r, i t i s in te res t ing t o note t ha t in t h i s case the 
agreement between the experiment and theory i s s t r ik ing ly good, and even 
s l igh t ly be t ter than tha t fovind for the tetracene and pyrene ca t ions . 
6 .5 ,6 , Ohrysene CationCCh ) 
mm ••• 
The formation of sodium chrysene (Oh Na ) in THF solution in 
119 presence of sodium was reported by 3vans and Tabner , but they only mentioned 
143 
121 the positions of some of its main absorption peaks. Erwinbrunner et al. 
produced chrysene anions (Ch") from liquid ammonia solution of alkali a»d 
12 
alkal ine earth metals and studied t h e i r e . s . r , spectrum. Lewis and Singer 
reported the formation of chrysene cat ions by the oxidation of chrysene with 
SbClc in CHp Clp solTition. The e lect ronic spectra of chrysene anions and 
cat ions were studied by Shida and Iwata who produced them by / - i r r a d i a t i o n 
i n MTHF and sec-BuCl, respect ively . 
In Fig. 6,11 we have compared the observed e lec t ronic spectruni of 
Ch in boric acid glass with i t s calculated spectra . The calcula t ions reveal 
t ha t the r e s u l t s based on the PP (MN) method are in close agreement with 
experiment, while the PP (P) and F&¥0 methods generally overestimate the 
energies of the electronic t r a n s i t i o n s . 
The PP ( M ) method pred ic t s 11 forbidden t rans i t ions in the spectrum 
of Ch in the region upto 50 kK, Of theae, the f i r s t two belong t o c lass I 
and the r e s t to c lass B (see Table 5.3.3) • In the saoK spectra l region the 
theory also predicts 11 allowed t r a n s i t i o n s which may be c lass i f i ed as : 
1 (2) , A B ( I ) , and B(8). In view of using l imited CI in the ca lcula t ions , the 
four higher-energy B t r ans i t i ons shal l not be considered for the in te rpre ta t ion 
of the cation spectrum. 
An assignrasnt of t h e observed e lec t ronic bands of Ch i s presented 
in Table 6 ,5 . The observation of coniparatively small nxomber of ionic bands 
makes t he i r ident i f ica t ion much eas ie r . The calcula t ions predict tha t the 
lowest-energy t r ans i t ion I should be forbidden. We could not record t h i s 
band as i t i s located at < 7 kK. There i s no d i f f i cu l t y in the ident i f ica t ion 
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T A B L E ~ 6.5 
Comparison and assignmraat of the experimentally observed e lect ronic bands of 
chrysene cation radical (Ch ) and the corresponding calculated t r ans i t i ons^ 
KJUHiilKiMTi'AL THEDEETTClOi 
i l ass i f ica t i 
I 
I 
AB 
B 
B 
B 
B 
on tshida and 
Iwata 
sec-BuCl 
S.7 
9.8 
n.3 
14.4 
20.8 
22,1 
22.8 
23.9 
27.1 
Present 
work 
Boric acid 
8.5(vs)^ 
9.8(sh) 
11.4(sh) 
I4.2(w) 
I8.2(w) 
20.9(s) 
21.8(m) 
22.7(m) 
24.3(ys) 
27.8(w) 
29.1 (s) 
36.9(vs) 
Present 
work 
PP(^M)calc. 
9.0(0.13)'^ 
16.3(0.004) 
23.0(0.17) 
30.1(0.01) 
32.7(0.28) 
36.7(0.10) 
40.1(0.50) 
^'^''^ See footnotes to Table 6.1 
1 4 J 6 
of the strong absorptions at 8,5) 20.9, 24.3» and 36.9 IcK as I , AB, B, 
and B, respect ively. The weak absorptions a t 9.8 and 11.4 kK are probably 
the vibrat ional bands of the f i r s t intense I band. Similarly, the weak 
band at 21.8 kK seems t o be the vibrat ional structiire of the 20.9 ^ 
t r a n s i t i o n . The bands a t 18,2 and 22.7 kK are ident i f ied as belonging to 
the c lasses I and B, respect ively . The calculat ion pred ic t s another B 
t r ans i t i on in between the tvro strong B t r ans i t i ons , which i s approximately 
x-polaxized and i s ident i f ied as the absorption band at 29.1 kK. This, 
band shows some s t ructures on i t s higher-energy s ide . 
6 .5 .7 . 3.4-Benzphenanthrene Cation (Bp ) 
The electronic spectra of 3,4-benzphenanthrene cat ions (Bp ) 
ajnd anions (Bp~) have nei ther been studied experimentally nor theore t i ca l ly , 
so far . We have produced Bp in boric acid glass by uv i r rad ia t ion and 
recorded i t s absorption spectrum for the f i r ^ t ime. We also made calculat ions 
for the same using the PP and FiSM) methods, A comparison of the observed 
and calculated spectra i s given in Fig, 6.12. A look at the figure indicates 
t h a t in the lower-energy region the predict ions of the PP (P) and PP (KM) 
methods are in good agreement with experinent, but the former method blue-
sh i f t s the higher-energy t r a n s i t i o n s . On the other hand, the FEMD method 
overestimates the energies of the lower-energy t r ans i t i ons , but i t s predict ions 
for the higher-energy t r a n s i t i o n s are generally as good as obtained by the 
PP (P) method. As compared to other methods, the PP (MN) method shows the 
best agreement with experiment in the whole spectra l region. We have, 
therefore , selected i t for the in terpre ta t ion of the Bp spectrum. 
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The PP (MN) method pred ic t s 22 electronic t r a n s i t i o n s in the 
region upto 50 kK, All the t r a n s i t i o n s are allowed and are c lass i f ied as 
1(4) , AB(l), BA.(l), and B(l6), However, we shal l consider here only those 
+ 
calctilated t r ans i t i ons which correspond to the prominent bands of Bp 
observed upto /fi kK, Thus, the calculated 11 higher-energy B t r a n s i t i o n s 
are automatically excluded. An assignment of the observed e lect ronic bands 
of Bp obtained in boric acid glass i s presented in Table 6,6 and the 
r e s u l t s are compared with t ha t obtained by Shida, The calcula t ions reveal 
t ha t the lowest-energy t r ans i t i on I should be located at - 2 kK which could 
not be observed due t o our experimental l im i t a t i ons . The PP (MN) method 
pred ic t s four strong x-polarized electronic t r ans i t i ons I ,B,B and B which 
have been ident i f ied in the spectrum at 10,6, 25.6, 26.7, and 35.7 kK, 
respect ively . We also expect a y-polarized strong band very close t o the 
intense 35.7 kK band which we have not been able to observe. On the higher-
energy side of the f i r s t strong I band the theory predic ts a seak y-polarized 
1 t r a n s i t i o n . This could not be ident i f ied and i s expected t o be masked 
b;/ the 10,6 kK band. Two more prominent bands are observed at 18.5 and 
22,5 kK which are ident if ied as the y-polarized I and AB t r a n s i t i o n s , 
respect ively . I t seems that the calculat ion underestimates the i n t e n s i t i e s 
of these bands. The calculat ion also pred ic t s two weak bands B (x-polarized) 
and BA (y-polarized) which could not be observed in the spectrum. 
* We are highly thankful to Dr. Tadamasa Shida for recording the absorption 
spectra of the cations and anions of 3>4-benzphenanthrene which we sent him 
as a g i f t . The cations were produced in sec-Bu 01 and freon mixture (FM) 
and the anions were produced in >ifHt. 
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T A 3 L E - 6.6 
ContDaTison ^ d assienmciiit of t h e 
3 . ^- ben zphenant iupene 
C I a s s i f i -
c a t i o n 
I 
T 
AB 
B 
B 
8 
P o l a r i z a -
t i o n b 
X 
7 
7 
X 
X 
X 
exDorimental lv obse-nred e l e c t r o n i c bands of 
c a t i o n rad i?ga (5p^}.„ 
i i X P E R I M E W 
Shida^^^ 
sec- BuCl 
10.6 
11.9 
IS.O 
19.4 
22.7 
23.8 
25 .3 
FM 
10.6 
11.6 
12.0 
18.2 
19.6 
22 .7 
23.8 
25.2 
and t h e c o r r e 
T A L 
P r e s e n t work 
Boric a c i d 
10.6(lB-3)° 
11 ,8(sh) 
I 8 . 5 ( s ) 
19.6(m) 
2 2 . 5 ( s ) 
25 .6(vs ) 
26 .7 ( s ) 
29 .4 ( sh ) 
35 .7 (vs ) 
spending- c a l c u l a t e d t r a n s i t i o n 
THSOREa:iGAL 
Presen t work 
PP(^^) C a l c . 
10 .2 (0 .09)^ 
19 .8(0 .03) 
23 .6 (0 .03) 
30 .2 (0 .23) 
34 .2(0 .17) 
36 .7 (0 .35) 
a,b,c ,d g^g footnotes to Table 6 . 1 . 
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6 ,6 , Correlation in the Electronic Spectra of the Cation 
Radicals of Tetracene and I t s Isomers 
The observation tha t the e lec t ronic spectra of l i nea r polyacenes 
as well as those for the fotir-ring aromatics show close s i m i l a r i t i e s , led 
Klevens and Platl^^'"'^^ to make an invest igat ion about the natiire of 
var ia t ion of various e lectronic bands in these molecules. They found tha t 
the t r a n s i t i o n s of a par t icu lar type move in a systematic manner from one 
hydrocarbon to another. The same general tendency was also foiind by Ham 
and Ruedenberg, Moffitt, and Hummel and Ruedenberg '^  who studied these 
molecules t heo re t i ca l ly . 
These findings motivated us to invest igate the poss ib i l i t y of 
cor re la t ing the various e lectronic bands of the cation rad ica ls of te t racene 
and i t s isomers. For such a study we have plot ted the observed t r a n s i t i o n 
energies of these cations in Fig. 6,13 where we considered only such cases 
for which the correlat ion study was poss ib le . The t r ans i t i ons have been 
c lass i f i ed into three groups based on t h e i r r e l a t i ve i n t e n s i t i e s : ( l ) the 
strong sharp t r ans i t i ons (heavy do t s ) , (2) the medixan strong t r a n s i t i o n s 
(meditim dots) , and (3) the weak t r a n s i t i o n s ( l igh t d o t s ) . There are a few 
forbidden or weak allowed t r a n s i t i o n s which could not be observed in our 
experiment. Their approximate posi t ions (as calculated by the PP (M) method) 
are shown by small c i r c l e s . For cor re la t ion purpose the different band 
posi t ions are connected by s t ra ight l i n e s . 
We shal l now discuss the behaviour of different bands separately. 
For such a discussion we shal l designate the I bands as I.,"^2, e t c . , and 
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the B bands as B^, Bp e t c . In a l l the ca t ions xmder invest igat ion the I band 
corresponds t o the lowest-energy t r a n s i t i o n . I t moves to the red from t e t r a -
cene cation to 3/4-benzphenanthrene cat ion, and f ina l ly i t moves to the blue. 
I f observed, i t s in tens i ty i s foiind t o be very poor. 
The I band shows a s l igh t sh i f t to the red in the begimiing, but 
from chrysene cation to triphsnylene cation i t moves to the blue. This band 
corresponds t o the f i r s t intense absorption on the low-energy side of the 
spectra of the ca t ions . 
The movement of the I^ band i s fast (towards the red) a t the f i r s t 
bend of t h e cation, but slows down with further bending. The in t ens i ty of 
t h i s band i s very poor. Similarly, the I , band also shows a slow shif t t o 
the red. Except t ha t in 1,2-benzanthra)Qene cat ion, t h i s band i s very wealc 
in a l l the other cat ions . 
As compared to the other bands, the movement of the A band i s very 
fast towards the blue. T^e la rges t shif t i s a t the f i r s t bend of the ca t ion . 
At the sajne time i t s in tens i ty increases with the number of bends. 
The change in the posi t ions of the B group of bands from te t racane 
cation onward i s very marginal. However, even such a marginal shif t in B. 
and Bg bands i s quite unsystematic, while the B^  band shows a gradual sh i f t 
towards the blue. The in tens i ty of the B^  and B^ bands i s generally very 
strong for a l l the cat ions . 
* This band i s iU; in 1,2-benzanthracene cation and AB ±a subsequent cat ions 
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Thus W9 find tha t with regard to the energies and i n t e n s i t i e s , 
the e lectronic bands of the cation r ad ica l s of te t racene and i t s isomers 
show cer ta in def in i te t rends in t h e i r movement from one cation to another. 
I t may, however, be mentioned tha t the movement of the bands for the 
cat ions i s not so systematic as found for the neutra l molecxiles. 
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C H A P T E E - 7 
G O N G L U S I O M S 
The present experiments confirm the formation of hydrocarbon 
cation rad ica l s when the parent hydrocarbons doped in boric acid glass 
are i r rad ia ted with uv l i g h t . The iMnopositive ions are formed according 
t o the mechanism; 
A ^ A - * ^ A , (7.1) 
\ " ^ ^ A**-- A-^  . S . (7.2) 
The free electrons released in t h i s process are removed far from the neigh-
bourhood of the parent molecule or i t s ion where some of them are trapped 
by the boric acid glass without react ing with the matrix, while t he others 
are captured by the hydrogen of the boric acid. The hydrogen atoms diffuse 
in the medium and produce e i ther a hydrogen molec\al3 t ha t escapes or they 
are attached to the radica l ions forming AH : 
A"^  + H —> AH"^ . (7.3) 
The l i fe- t ime of tha photo-products AH i s , however, much short as compared 
to tha t of the ion radica ls A"*". Although one may think of the poss ib i l i t y of 
formation of the anion radica ls A~ by the react ion of the photo-ejected 
electrons with the neutral molecules, we have shown tha t no negative species 
are formed during photo-oxidation. 
The study of the effects of soliite concentration, i r r ad ia t ion time, 
and temperature var iat ion on the ionic spectra reveals many in te res t ing 
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phenomena. An increase in the solxibe concentration r e s u l t s in an overa l l 
inprovement in the i n t ens i t i e s of the ionic bands. Similarly, the con-
centrat ion of the cation radica ls increases with i r r ad ia t ion t ime. However, 
very long uv exposures lead to the saturat ion of the formation of the cation 
rad ica ls for a l l the hydrocarbons except triphenylene where, xxnlike the 
other hydrocarbons, some of the ions are converted back into the neut ra l 
molecules through some mschanism. The disappearance of the charac te r i s t i c 
colours of the ion radica ls on s l i gh t l y heating (upto 110°C or more) the 
uv i r radia ted films has been explained on t t e basis of the recombination 
process in which the photo-ejected electrons recombine with the mono posit ive 
ions t o form the neut ra l molecules. When the hyirocsrbon-doped films are 
i r radia ted at 100 0, the formation of the cation rad ica l s i s comparatively 
slow, but a t about 110 C t h e i r formation i s almost stopped. To explain t h i s 
phenomenon, i t has been suggested tha t t t e r e i s a competition between the 
photo-oxidation and recombination processes where the former dominates at 
temperatures below 100 C. At higher temperatures (above 110 C) no ionic 
formation i s detected since as soon as the e lectrons are released they 
recombine with the ion r ad ica l s . 
Oar another important finding i s re la ted to the observation tha t 
t h j r e i s a close resemblance among the absorption spectra of the cation 
radicals deidved from the same al ternant hydrocarbon. Similar i s the case 
for t h e i r anion radica ls as well. However, there i s a marked difference in 
the spectra of the cation and anion radica ls of the same hydrocarbon. I t 
i s suggested tha t t h i s difference i s not due t o difference of solvents. 
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but due to the charac te r i s t i c of the cations and anions. 
The electronic spectra of the t e t r acyc l i c aromatic ion rad ica ls have 
been calcxjlated using the Par iser-Parr and FEMD methods. The calculat ions 
show tha t the PP (P) method, where the Coulomb repulsion in tegra l s are 
evaluated using the Pariser approximation, sh i f t s the whole spectrum t o the 
blue. The res t i l t s are great ly improved in the PP (MN) method where the 
Mataga-W ishimoto approximation i s used for the evaluation of these i n t eg ra l s . 
On the other hand, the lov/er-energy t r a n s i t i o n s are s l i g h t l y blue-shifted 
in the FE1«D nethod, while i t s predict ions for the higher-energy t r a n s i t i o n s 
are graierally be t ter than the PP (P) method. A drawback in the present 
FEMO treatmai t i s tha t i t reverses the order of some of the t r a n s i t i o n s . 
I t i s not very strange because the FE o rb i t a l energies are guadrat ical ly 
spaced and therefore the configuration in terac t ion procedure adopted in t t e 
calculat ions does not take into accoxmt many low-energy configurations some 
of which may interact strongly with the configurations already considered. 
Therefore, to improve the free electron calct i lat ions, i t i s necessary to 
take into consideration the othsr low-energy t r a n s i t i o n s as well . In a l l 
the cases studied, the r e s u l t s based on the PP (MN) calcula t ion are in 
be t te r agreement with experiment as compared to the other methods. This 
agreement i s par t icu lar ly good for the lower-energy t r a n s i t i o n s ; the higher-
energy t rans i t ions are s l i gh t ly blue-shifted. Tlds i s , perhaps, due t o the 
reason that in the present calculat ions we have used l imited configuration 
in te rac t ion . The resxolts could be improved i f we take more configurations 
into account. 
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On the basis of these ca lcula t ions the electronic spectra of the 
t e t r acyc l i c aromatic hydrocarbon cation rad ica ls are successfully i n t e r -
preted. Some of the weak bands in te t racene and pyrene cat ions, which 
were e a r l i e r considered to be due to some proton complex, have been r e -
assigned as electronic t r a n s i t i o n s . The in te rpre ta t ion of the e lect ronic 
spectrum of 3,4-benzphenanthrene cation i s new. At t h i s stage, the necess i ty 
for the polar izat ion measxarement of the e lec t ronic t r a n s i t i o n s of the cation 
radica ls i s great ly f e l t , because the present assignments coTild be confirmed 
only when t h e i r polaristation data are known. 
In these calculat ions ne have adopted the same parameters as those 
used for the neutral hydrocarbon, and i t i s very encouraging t o find t ha t 
s t i l l the agreeuBnt between theory and ejsperiment i s good. I t i s pa r t i cu l a r ly 
in te res t ing to note t h a t the present r e s u l t s based on the Par iser-Parr 
method are approximately as good as those obtained by Zahradnik and Carsky 
and Shida and Iwata who used the SCF PPP method for such ca lcu la t ions . 
I t has been found possible to cor re la te the various e lect ronic 
bands of the cation rad ica l s of te t racene and i t s isomers. The bands show 
some systematic var ia t ion from one cation radica l to another, although i t 
i s not so systematic as found for the neu t ra l molecules. 
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APPSNDIX 1 
CALCULATION OP HUCKEL EIGEJ^ VALUES AND EIGBKVKCTORS 
To calcuHate t h e Hiickel edgenvalues and e i g e n v e c t o r s o f a 
molecule, vre s t a r t wi th t h e ' t o p o l o g i c a l anatrix' which i s def ined by 
% • 
^, i f atoms P and Q are neighbours, 
0, otherwise . . 
For example, the topological matrix for te t racene 
i s of the form: 
5 to 12 4 
(A .1 .1 ) 
i i 
K l^ '\T 
J 
(J 
C ' ' J i i 
u 0 (,' ' ' 1' " J ( '1 
•.) i. •! ) > ) ) 
ti (, 1 1 t 1 U ( 
1 0 0 . ) 0 b U 
1) ( 1 ) 1 U J > 1 1 ' 1 
0 {. J J '1 " i 1 
0 C (' I 1 0 U L 0 
J 0 U J 'J ) u . 1 
U 0 '1 1) 1' '^ '1 11 ) 
T h i s m a t r i x i s d i a g o n a l i z e d t o 
e i g e n v e c t o r s : 
L IbEWVALUf S 
1 Z.kobl:> 
2 ^ : . i y j . 5>3 
i i W T T A S 
A i . ^ o t i 7 3 
5 1 . 2 9 4 9 6 
o 1.19-.'..a 
7 i . O L J O O 
i 0.111--?, 
9 U . 2 9 4 9 6 
IvJ - 0 . 2 9 ^ 9 ^ . 
1 1 -0.1 n^H 
12 - I . O O C L O 
13 - 1 . 1 9 J 3 3 
14 - 1 . 2 9 4 ^ 0 
15 - 1 . ^ 6 o 7 3 
16 - l . T T ^ - ^ y 
17 - 2 . 1 9 ^ ^ 3 2 
18 - < i . 4 5 6 7 3 
n 0 (J 
i i J 
(J 1 w J 
(^  U 1 1 1) 
1 ,^ 1 1 1 >J 
1 U 0 ( 0 ] 9 
n 1 J J .) 0 n 
1 (• i . (J 0 '1 1 
g i v e t h e e i g e n v a l u e s and 
) 
fi 
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166 
APPENDIX 2 
GALGULATIOK OF ¥E EIGmVALUKS A>ID EI GSM VECTORS 
In sec t ion (4 .3) we have descr ibed a iitethod for tho ca-lculat ion of 
b'E e igenvalues and e igenvec to r s which invo lves the so lu t ion of the homo-
geneous l i n e a r equa t ions 
V j6 = 0. (A.2.1) 
A more convenient method i s to def ine a diaponal ruatrij; T as 
% " '-^ P ^PQ ' (A.2.2) 
1 1, i f P io not a j o i n t , 
(2 /3 )= , i f y iB a j o i n t , (A.2.3) 
so t h a t t h e normal ized e i eenvec to r ^ i s given by 
^ = D" T""* 0' ( A . 2 . / ) 
Then Eq. ( A , 2 . 1 ) can be wr i t t en as t h e e igenvalue equat ion 
^^ = F ^ , (A.? .5) 
where 5 ip the mat r ix 
? - TFT + F 1, ( A . 2 , 6 ) 
and f {= 2 cos/( ) are t he e igenvalues of 9 . 
The Eq. (A.2.5) w i l l have n o n t r i v i a l s o l u t i o n s on ly i f t h e s ecu la r de te rminant 
\ 3- F i\ = 0 . (A.2.7) 
This g ives a se t of e igenvalues Fn • When t h e e igenva lues a re found, t h e 
e igenvec to r s <^  can be determined a s s o l u t i o n s of ( A . 2 . 5 ) . 
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For example, the J-matrix for te t racene i s of the form: 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
A 
0 
0 
0 
0 
0 
0 
1 
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R 
(with A = y ?/3 , B = 2/3 ), 
This matrix after di af^onaliz'itj on gives the eig-envalui^s aiid 
eig :en v e c t o r s: 
ElGKMVAl-UeS 
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Electronic absorption spectra of pyrene and its monopositive ion 
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(Received 27 March 1972) 
The electronic absorption spectrum of pyrene in boric acid glass before and after irradiation with uv 
light has been studied in the region 200-1400 nm. The spectrum of the irradiated film of pyrene has 
been attributed to its monopositive ion. The results are in good agreement with those of the other 
workers. The effect of temperature during and after irradiation of the ionic species is also discussed 
and it has been found that the photo-oxidation of pyrene in the boric acid glass is a reversible process. 
I. INTRODUCTION 
The electronic absorption spectra of the ions of 
ipyrene have not been studied in so much detail as 
the molecule itself. A number of workers^"' have 
studied the spectra of pyrene mononegative ions 
•>vhich are generally prepared by the alkali metal 
i-eduction of the neutral hydrocarbon at low temper-
atures. On the other hand, only a few workers 
have reported the spectrum of pyrene monopositive 
ion. Aalbersberg et al. ® and Blomgren and Kom-
mandeur' produced these positive ions in the mix-
tures of pyrene and butyl chloride in nitrobenzene 
and carbon tetrachloride, respectively. Shida and 
Hamill^ have also obtained them by irradiation of 
^ r e n e in butyl chloride at low temperatures. How-
ever, these workers have not made any detailed 
study of the ionic species and have not made any 
assignments. In the present paper we are report-
ing the absorption spectrum of pyrene monopositive 
ion which was obtained by the irradiation of pyrene 
in boric acid glass with uv light at room tempera-
ture. The effects of irradiation time, concentra-
tion, and temperature on the ionic species have 
been systematically studied. 
II. EXPERIMENTAL 
Boric acid of "pro analysi" grade (Sarabhai M. 
Chemicals Ltd.) and pyrene (B. D. H.) were used 
without further purification. To prepare a glass, 
a weighed quantity of the boric acid was taken in a 
crucible and heated to about 240 °C at which tem-
perature it melted. A measured amount of pyrene 
was mixed with the melt and the resulting mixture 
was cast between two glass plates which were al-
ready kept at about 150 C. After cooling to room 
temperature the boric acid film was separated 
from the two glass plates. 
The spectra were recorded on a Carl Zeiss VSU2-
P Spectrophotometer by point-to-point recording. 
The boric acid film was found to be transparent in 
the region 200-1400 nm. The spectra of pyrene 
in the boric acid glass were recorded before and 
after irradiation with a 80 W high-pressure mer-
cury lamp (the glass envelope of the lamp being re-
moved). A quartz lens was placed between the lamp 
and the film in such a manner so as to condense 
the uv light on a circular area of 1 cm diameter of 
the film. 
III. RESULTS 
•When pyrene-doped boric acid glass was irradi-
ated with uv light, it acquired apermanent greenish-
yellow color after few minutes which was found to 
persist for months at room temperature. 
In Fig. 1, curve (a) shows the absorption spec-
trum of pyrene in the boric acid glass before i r -
radiation, and the curves (b), (c), and (d) show 
the spectra after irradiating the sample for 10, 60, 
and 300 min, respectively. A completely new set 
of bands appear at 800, 740, 660, 540, 490, 450, 
420, and 365 nm apart from those obtained in the 
unirradiated sample. Figure 2 shows the effect of 
concentration on the irradiated film of pyrene in 
the boric acid glass. 
The effect of temperature during irradiation on 
the absorption spectrum of pyrene is shown in Fig. 
3. The film acquires a greenish-yellow color 
when it is irradiated for 30 min at or below 90 °C, 
but at 100 °C it remains colorless and the absorp-
tion spectrum is found to be similar to that of the 
unirradiated film. K the film of pyrene in boric 
acid glass is heated for 5 min after irradiation, 
then most of the ionic bands disappear at 120 °C. 
This is shown in Fig. 4. On heating the film be-
yond 120 °C, its greenish-yellow color completely 
vanishes. 
IV. DISCUSSION 
A. Absorption Spectrum of Pyrene in Boric Acid Glass 
A number of workers have studied the electronic 
absorption spectrum of the pyrene molecule theo-
retically®"" as well as experimentally, '^  but the re -
sults are not in as good agreem«nt as was found 
for the catacondensed hydrocarbons. In the pres-
ent experiment we have observed four electronic 
transitions of pyrene and their assignments are 
given in Table I along with the results of other 
workers. 
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FIG. 1. Absorption spectra of pyrene (concentration 0. 05% by weight) in boric acid glass (a) before irradiation; (b), 
(c), and (d) after irradiation at room temperature with uv light for 10, 60, and 300 min, respectively. 
The first transition in pyrene i s very weak and 
IS observed at 374 nm. This finding is in agree-
ment with the spectra obtained in solutions and 
vapor. ^^  We assign it as -^B2„— ^ Aig and is shor t -
axis polarized according to the measurements of 
Hoijtink and Zandstra^* and Bree and Vilkos. ^' The 
second transition lying at 339 nm is of the type 
Si„— ' A I , and i s long-axis polarized. The third 
and fourth transit ions at 275 and 242. 5 nm are also 
found to be of the 'Sgu and ^B^^ species, r espec-
tively. The second and third transit ions have v i -
brations of 1365 and 1515 cm"^, respectively, which 
have been assigned as the C-C stretching modes of 
vibration of the ground electronic state of pyrene 
molecule. ^^'" The fourth transition shows v ibra-
tions of 517 and 1497 cm"' which correspond to the 
2t0 230 290 270 300 320 340 3«0 400 450 500 5S0 600 800 tOOO 1200 MOO 
WAVELENGTH ( n m ; 
FIG. 2. Effect of concentration on the absorption spectrum of pyrene in bone acid glass irradiated at room tempera-
ture with uv light for 90 min (a) concentration 0.057o; (b) concentration 0.1%; (c) concentration 0. 2%. 
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FIG. 3. Effect of temperature variation during irradiation on the absorption spectrum 
irradiation at (a) -10°C; (b) 20°C; (c) 90°C; (d) 100°C. 
800 tOOO 
of pyrene 
1200 1400 
in boric acid 
frequencies of 500 and 1550 cm"^ observed by Beck-
er et al.^^ in the solution spectrum of pyrene. 
B. Photochemistry of the Rigid Solution of Pyrene in Boric 
Acid Glass 
It has been found that various aromatic hydrocar-
bons form intense-colored complexes with strong 
proton acids as well as Lewis acids. The exper i -
ments of Yokozawa and Miyashita^* and of Weiss-
man, de Boer, and Conardi'^ show that the solutions 
of certain aromatic hydrocarbons in concentrated 
sulphuric acid contain monopositive ions of the pa r -
ent hydrocarbon, but according to Gold and Tie^" 
both proton complexes and positive ions may be 
^ 
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300 320 340 360 400 450 500 550 600 600 4000 1200 1400 
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FIG. 4. Absorption spectra of the irradiated film of pyrene in boric acid glass heated to different temperatures; (a) 
at room temperature; (b) and (c) after heating to 100 and 120 °C, respectively. 
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TABLE I. Comparison and assignment of the electronic bands of pyrene molecule (energies in 
kilokaysers). 
Symmetry 
B2„(S)^ 
Bi„(\) 
B2„(s) 
Present 
work 
26.7 
29.5 
36.3 
41.2 
Experimental 
; Zimmermann 
and Joop* 
26.9 
29.9 
36.7 
41.6 
Becker 
et al." 
26.9 
29.5 
36.4 
41.3 
Piatt* 
21.0 
26.0 
30.0 
35.0 
Theoretical 
Ham and 
Ruedenberg^ 
26.5 
30.2 
41.4 
45.2 
Hummel and 
Ruedenberg' 
26.8 
27.4 
39.0 
45.6 
^Parentheses indicate the direction of polarization, (s) 
short axis, and (1) long axis of the molecule. 
''Reference 12. 
"Reference 13. 
•^Reference 9. 
^Reference 10. 
'Reference 11. 
formed. On the other hand, Bennema et al., 
Buck et al., ^ Hussain, ^^  and Zaidi and Khanna^* 
concluded from their experiments that when cer-
tain aromatic hydrocarbons in boric acid glasses 
are i rradiated with uv light, monopositive ions of 
the hydrocarbons are formed. According to van 
Voorst^^ and Christodouleas and HamiU, ^ the photo-
ejected electron is trapped by the solvent matrix with-
out itself being associated to it. The formation of the 
monopositive ion is further supported by the carbon 
tetrachloride test . ^' In the light of these discussions 
the photochemical reaction may be written as 
pyrene + hv-' (pyrene)* + e'. 
Gitter and Treinin^^ claimed to have obtained an 
optical band in boric acid glass centered at 250 nm 
due to the trapped electrons. But, Zaidi and Khan-
na^* could not reach to any definite conclusion as 
the molecules under investigation were absorbing 
strongly in the 250 nm region. Pyrene and i t s mo-
nopositive ion do not have any absorption band in this 
region, but still we do not observe any band due to 
the trapped electrons. We feel that the impuri t ies 
present in pyrene t rap the electrons themselves 
and therefore the absorption band due to the trapped 
electrons does not appear. 
C Absorption Spectrum of Pyrene Monopositive Ion 
Balk et al.^'' have measured the absorption spec-
t rum of pyrene mononegative ion and interpreted the 
TABLE II. Comparison and assignment of the observed electronic bands of pyrene mononegative 
and monopositive ions (energies in kilokaysers). 
Symmetry 
^2„ 
Bu 
Bu 
^2„ 
Blu 
Bu 
Mononegative ion 
Christodouleas 
and HamiU" 
15.2 
16.7 
20.8 
21.2 
22.2 
23.6 
Balk 
etal.^ 
^.'i 
13.9 
20.3 
22.0 
23.6 
26.0 
Zandstra^ 
10.0 
14.3 
18.5 
20.4 
22.5 
26.3 
31.3 
37.5 
Badger 
et al.^ 
12 A 
13.7 
14.9 
17.6 
19.8 
21.9 
22.4 
23.6 
26.8 
Monopositive : ion 
Present work 
Location 
12.5 
13.5 
15.2 
18.5 
20.4 
22.2 
23.8 
27.4 
27.9 
31.3 
36.4 
37.9 
39 4 
41 ,2" 
42 .7" 
Rel. intensity^ 
m 
w 
m 
w 
s 
vs 
w 
vs 
m 
vs 
vs 
s 
w 
vs 
m 
V , weak; m, medium; s, strong; vs, very strong. 
"Unassigned bands. 
"Reference 5. 
^Reference 27. 
^Reference 4. 
'Reference 28. 
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resul ts with the help of a simplified AS MO t rea t -
ment using configuration interaction. Zandstra* 
also studied the polarization of the electronic t ran-
sitions of these ions. For interpretation he used 
a theory similar to Balk et al. ^^  
Our experimental resul ts for the spectrum of 
pyrene monopositive ion along with the assignments 
of the electronic bands a re presented in Table II 
and are also compared with the resul ts of other 
workers for the mononegative and monopositive^' 
ions of pyrene. The assignments a re based on the 
polarization measurements of Zandstra* and his 
theoretical calculations of the electronic spectrum 
of pyrene mononegative ion. This i s justified as 
the molecular orbital theory predicts s imilar spec-
t ra for the negative and positive ions of alternant 
hydrocarbons. ^^  We completely agree with the 
ear l ie r workers*'^'' in the assignment of all the elec-
tromc bands except the one at 15.2 kK. On the 
basis of the polarization studies of Zandstra, * we 
assign this band as long-axis polarized which was 
ear l ie r assigned as short-axis polarized. ^' 
D Softening of the Photo oxidized Rigid Solution of Pyrene in 
Bone Acid Glass 
In the study of the photo-oxidation of aromatic 
dinegative ions in 2-methyltetrahydrofuran, Zand-
stra'* found that if the temperature i s kept constant 
at 77 °K after irradiation, the absorption spectrum 
is not changed. This proved that under these con-
ditions the ions and the molecules a re frozen in the 
glass . According to van Voorst, ^^  if the tempera-
ture IS raised, the glass softens and a reaction op-
posite to the photo-oxidation takes place in which 
the absorption bands due to the products of photo-
oxidation fade away. The same phenomenon is 
found to occur in the photo-oxidized rigid solution 
of pyrene in the boric acid glass also where most 
of the ionic bands disappear on heating to 120 °C. 
This may be explained on the reasoning that on 
heating the rigid solution, the trapped electrons be-
come free, recombine with the ionic species and 
hence show the original spectrum of pyrene mole-
cule. Thus we make the conclusion that the photo-
oxidation m the bone acid glass is a reversible p r o -
cess . 
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Molecular Orbital Calculations of the Electronic Spectra of Aromatic Hydrocarbon 
Mononegative Ions 
Z. H. Khan, Z. H. Zaidi,^ and B. N. Khanna* 
Department of Physics, Aligarh Muslim University, Aligarh, U P , India (Received October 16, 1972) 
The Ruedenberg LCAO-MO method with TBM, IRM, TBX, and IRX approximations using very limited 
CI is used to study the electronic spectra of naphthalene, anthracene, and pyrene mononegative ions, 
and the results are compared with the FE-MO calculations. The calculated values are in fairly good 
agreement with experimental results, especially for the pyrene anion where remarkable success is 
achieved. On the basis of these calculations, an attempt is made to settle the discrepancy in the assign-
ment of the absorption spectrum of the pyrene ion. 
Introduction 
The optical absorption spectra of aromatic hydrocarbon 
ions have been studied theoretically^-^ gg ^gH as experi-
mentally.T-"- Most of the LCAO-MO and SCF methods 
used in these calculations were originally developed to 
study the spectra of the neutral hydrocarbons.^^-^'^ Al-
though the general agreement between theory and experi-
ment is satisfactory, for the pericondensed systems it is 
not as good as for the catacondensed systems. The free-
electron MO (FE-MO) theoryi^'i^ also does not give en-
couraging results for the pericondensed hydrocarbons. 
However, the results for the latter are greatly improved in 
the calculations of Hummel and Ruedenberg^" which are 
based on Ruedenberg's "tight-binding" (TB) and "intra-
ring" (IR) approximations^^ in the LCAO-MO theory 
using an average distance of 1.395 A (M) for all the bonds 
as well as exact internuclear distances (X). In the tight-
binding approximation, the overlap effect is taken into ac-
count between the neighbor atoms only, while in the 
intra-ring approximation the overlap is considered be-
tween all those atoms which lie within a distance of the 
benzene diameter, i.e., 2.8 A. The overlap contribution 
from atoms lying at still larger distances, being very 
small, is neglected. Besides these refinements, the treat-
ment has an improvement over the FE-MO and the other 
LCAO-MO methods in the sense that it also takes into 
account the effect of nonconjugated neighbors, hydrogen 
and carbon. 
Theoretical treatment for the pyrene anion too, like its 
neutral molecule, presents an obstacle in the under-
standing of its spectrum. This is obvious from the work of 
Balk, et al.,^ who have possibly misassigned a weak elec-
tronic transition of pyrene anion lying at 13.9 kK as B2u 
(short-axis polarized). Their assignment is based on the 
Hiickel calculation using configuration interaction. This is 
in disagreement with the polarization studies of Zand-
stra,* who reassigned this transition as Biu (long-axis po-
larized). Although the FE-MO calculation favors the as-
signment of Zandstra, the energies of other transitions 
calculated by this method are not in close agreement with 
the experimental results. Therefore, it seems plausible to 
apply Ruendenberg's TBM, IRM, TBX, and IRX approxi-
mations^i to the pyrene ion as well. The calculations 
based on these approximations confirm the measurements 
of Zandstra and also compare favorably with the observed 
spectrum. For a more comprehensive study we have also 
included the mononegative ions of naphthalene and an-
thracene in our calculations which have already been 
studied by the FE-MO method.22 
Calculations 
As the hydrocarbons under investigation have an even 
number (2n) of TT electrons which occupy n bonding orbi-
tals, therefore their mononegative ions will have one more 
electron, the odd electron being in the first antibonding 
orbital, i.e., in the (n + l ) th MO. Here we make the as-
sumption that the addition of the odd electron to the -an-
tibonding orbital does not seriously affect the other orbi-
tals. It is also assumed that the orbital energies and the 
eigenvectors for the mononegative ions are the same as 
those for the neutral hydrocarbons given by Scherr,^* 
Ham and Ruedenberg,^* and Hummel and Ruedenberg.^s 
To a first approximation, we consider only the one-elec-
tron excitations shown in Figure 1. The transitions are 
identified by the representation of the direct product of 
the ground and excited state wave functions in the D2h 
point group. Moreover, we restrict our configuration-inter-
action treatment only to those configurations which arise 
due to the excitations from the three highest fully- or 
half-filled orbitals to the three lowest completely unfilled 
orbitals so as to cover the spectral region experimentally 
known. In the TBM and IRM approximations for anthra-
cene, we also include one more bonding and antibonding 
orbitals (not shown in Figure 1) due to symmetry condi-
tions. 
As is evident from Figure 1, transitions of three types of 
symmetries are obtained—Biu, B2U, and Bag,^^ the first 
two being allowed and the third one forbidden. All the 
one-electron transitions, except the transition k *•- n, give 
rise to antisymmetrized wave functions which are dou-
blets, the latter giving two doublets and a quadruplet. 
Since quadruplet-doublet transition is forbidden, there-
fore it has not been taken into consideration. Thus we are 
left only with two doublet wave functions of symmetry 
Biu, four of B2U, and one of Bsg. The configuration inter-
action leads to secular determinants with a 2 x 2 and a 4 
X 4 matrix of symmetries B\u and B2U, respectively. The 
calculation of the matrix elements involves the evaluation 
of the electron-interaction integrals. These integrals were 
calculated by using the Ruedenberg methodic jn the 
FE-MO theory and the MuUiken approximation^'' in the 
TBM, IRM, TBX, and IRX approximations. 
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TABLE I: Calculated and Observed Transition Energies (in kK) of the Electronic Spectra of the Anions and Cations of Naphthalene (N) , 
Anthracene (A), and Pyrene (P) 
Symmetry 
Ion of transition 
N Bag 
B^u 
B\u 
B\u 
B^u 
Biu 
Biu 
A Bsg 
Bzu 
B-\u 
Biu 
Bzu 
B2U 
Biu 
P Bag 
B2U 
61U 
S m 
B2U 
B2U 
Bzu 
Polarization" 
Forbidden 
X 
y 
y 
X 
X 
X 
Forbidden 
X 
y 
y 
X 
X 
X 
Forbidden 
X 
y 
y 
X 
X 
X 
FE-MO 
method'' 
5 7 
12 2 
20 8 
34 9 
23 4 
32 7 
40 7 
8 8 
9 9 
1 5 2 
22 0 
18 0 
27 5 
35 1 
8 9 
11 1 
1 2 9 
27 0 
24 3 
31 6 
41 7 
TBM 
approx 
11.3 
19 0 
21 9 
39 0 
30 9 
38 1 
48 1 
1 3 8 
15 8 
14 5 
33 2 
19 0 
34 6 
45 3 
11 5 
1 3 4 
13 1 
27 7 
24 5 
30 8 
38 9 
Calculated 
LCAO-MO method 
TBX 
approx 
8 6 
1 6 6 
23 7 
38 6 
27 1 
37 1 
46 1 
1 3 3 
11 8 
16 1 
32 1 
22 5 
33 1 
40 0 
11 5 
12 3 
1 2 5 
25 2 
25 2 
31 0 
39 0 
IRM 
approx 
9 8 
14 7 
21 1 
32 3 
27 3 
37 0 
46 3 
14 6 
11 5 
14 7 
28 2 
23 1 
33 3 
40 6 
9 9 
11 2 
12 9 
25 2 
24 3 
30 5 
38 3 
IRX 
approx 
7 3 
14 5 
22 3 
32 6 
28 4 
36 6 
43 4 
12 0 
1 0 3 
16 3 
27 4 
23 2 
32 3 
39 7 
10 0 
10 1 
11 7 
23 8 
25 0 
30 6 
38 3 
Ref 8 
7 8 
12 3 
27 3 
30 9 
11 2 
14 0 
24 9 
27 1 
30 7 
9 9 
1 3 9 
20 3 
26 0 
Observed 
Anion 
Ref 9 
11 9 
27 5 
31 0 
33 9 
43 6 
11 0 
1 4 0 
25 0 
27 0 
30 7 
39.0 
1 0 0 
14 3 
20 4 
26 3 
31 3 
37 5 
/ 
Cation 
Ref 22, as'^  
27 2 
30 0 
33 9 
11 0 
14 0 
24 5 
26 5 
29 3 
1 2 5 
1 5 2 
22 2 
27 4 
31 3 
36 4 
° The letters x and y denote the directions of polarization along the long axis of naphthalene and anthracene and short axis of pyrene, and vice versa 
respectively " For naphthalene and anthracene anions see ref 22, pyrene anion present work ''See ref 22 for naphthalene and anthracene cations and 
ref 28 for pyrene cation 
All the calculations needed for the work were done on 
the IBM 1130 computer at the Computer Centre, Aligarh 
Muslim University. 
Results and Discussion 
The calculated transition energies for naphthalene, an-
thracene, and pyrene anions are presented in Table I and 
are compared with the observed spectra for the anions^-^ 
and cations22.28 of the corresponding hydrocarbons. The 
transition energies designated B2U are x-polarized (long 
symmetry axis of naphthalene and anthracene, and short 
symmetry axis of pyrene), and those designated B^u are 
y-polarized (short symmetry axis of naphthalene and an-
thracene, and long symmetry axis of pyrene). 
According to our calculations the lowest-energy transi-
tion for naphthalene and pyrene anions should be Bsg 
(symmetry-forbidden). The same is predicted for the an-
thracene anion also by the TBM approximation and the 
FE-MO method. However, the calculations based on the 
TBX, IRM, and IRX approximations show that the low-
est-energy transition for anthracene anion should be B2U. 
Perhaps this discrepancy may be removed if one takes 
into account more configurations of B2U symmetry. The 
Bsg transition has been observed for the naphthalene and 
anthracene ions, but not for the pyrene ion. Hoijtink, et 
al ,3 have assigned the first band on the longer-wavelength 
side of the spectrum of naphthalene ion as Biu which has 
been reassigned as B^g by Hinchliffe, et al.* The latter as-
signment is confirmed from the present calculations. We 
assign the next electronic transition in these ions as B2U in 
agreement with the polarization studies of Zandstra. 
Bzu Bag " Biu 
-ee-
-n+i 
-e©-
Figure 1 . The symmetr ies of one-electron transit ions for the hy-
drocarbon mononegatwe ions 
The different methods of calculations predict two B^a 
transitions. After configuration interaction, the lower-
energy band becomes weaker in intensity while the other 
becomes strong. The first Bm transition, which is weak, 
has been observed in the spectrum of pyrene ion, while it 
has not been observed in the naphthalene and anthracene 
ions and is expected to be hidden in the vibrational pro-
gression of the first Biu band. We disagree with Balk, et 
al ,^ in the assignment of the lower-energy Bm transition 
of pyrene ion as B^u Our assignment is supported by the 
polarization measurements.* The second Bxu band is very 
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strong and has been observed for all the ions under inves-
tigation. 
The ionic spectra show three bands at higher energies 
which are x-polarized and have been assigned as Bzu- For 
naphthalene and anthracene, the FE-MO method under-
estimates the energies of these bands, while these are gen-
erally overestimated by the TBM approximation. For 
these transitions of pyrene ion, there is a close resem-
blence among all the calculations. The calculations of 
Hinchliffe, et al.,* show that the lower-energy transitions 
of naphthalene and anthracene anions are very well pre-
dicted by the Pariser-Parr and simplified Pariser-Parr 
methods, but the results for the higher-energy transitions 
are not eis good as predicted by the present calculations. 
In general, the results based on the intra-ring approxi-
mations are slightly better than the TBM approximation 
and the FE-MO method in most of the cases. Moreover, 
the Ruedenberg approximations, which led to results in 
close agreement with experiments for pyrene molecule, 
are markedly successful for its ion also. 
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Formation of the Radical Cations of Some Tetracyclic 
Aromatic Hydrocarbons in Boric Acid Glass 
Z. H. KHAN AND B . N . KHANNA 
Department of Physics, Aligarh Muslim University, Aligarh 202001, India 
ReceivedJuly23, 1973 
The radical cations of tetracene, chrysene, 1,2-benzanthracene, and 3,4-benzpiienanthrene 
liave been produced in boric acid glass by u.v. irradiation. Tlieir electronic spectra are recorded 
in the region 200-1400 nm and show a close resemblance to the available data for the cations 
reported earlier. 
Les radicaux cations du tetracene, du chrysene, du benzo[a]anthracene et du benzo[c]phenan-
threne ont ete generes par irradiation ultraviolette dans du verre a I'acide borique. Leur spectre 
electronique a ete mesure dans la region de 200-1400 nm et ils ressemblent tous aux spectres 
des cations rapportes anterieurement. [Traduit par le journal] 
Can.J.Chem.,52,827(1974) 
A study of the electronic spectra of the tetra-
cyclic aromatic hydrocarbons reveals that their 
electronic transitions show some systematic 
variations from one hydrocarbon to another (1). 
On the basis of this fact one may also think of 
some correlation in their ionic spectra as well; 
such correlation is hitherto unknown and may 
be very interesting and useful to investigate. 
However, at present this is not possible due to 
lack of theoretical and experimental data for 
these ions. Therefore, the present communication 
limits itself to a method of producing the radical 
ions of tetracyclic aromatic hydrocarbons and 
the recording of their complete electronic spectra 
which may in future be helpful in studying the 
correlation among their electronic transitions. 
Although the formation of the radical ioiis of 
some tetracyclic hydrocarbons has been reported 
in certain matrices (2-4), their electronic spectra 
have not been recorded in detail and in many 
cases only the values of the absorption peaks are 
mentioned in the literature. In the present note 
we report the electronic absorption spectra of 
tetracene, chrysene, 1,2-benzanthracene, and 
3,4-benzphenanthrene in boric acid glass after 
irradiation with the u.v, light of a high-pressure 
mercury lamp. These spectra are shown in 
Fig. 1. The boric acid glass is found to be the 
most suitable matrix for making studies in the 
region 200-1400 nm at room temperature, at 
which it forms a rigid solution. On irradiation, 
the tetracene-doped boric acid film retained its 
yellow color, while the colorless glass of chrysene 
acquired permanent yellow color and those of 
1,2-benzanthracene and 3,4-benzphenanthrene 
became permanently brown. When the irradiated 
films were heated to about 110 °C, most of the 
bands which appeared after irradiation vanished 
and the films regained their original colors. 
On the basis of the studies on optical and e.s.r. 
spectra of some aromatic hydrocarbons in boric 
acid glass irradiated with u.v. light, Hoijtink 
and co-workers (5) and other workers (6, 7) have 
drawn the conclusion that during irradiation the 
formation of monopositive ions of the hydrocar-
bons takes place. But the mechanism of photo-
oxidation could be established only after exten-
sive investigations carried out by Porter and co-
workers (8), Joussot-Dubien and co-workers (9), 
Magat (10), Kieflfer and co-workers (11), and 
Walentynowicz et al. (12) on the thermolumines-
cence of molecular solids in boric acid glass 
and other rigid matrices. It was found that the 
photooxidation in boric acid glass is a biphotonic 
process with the participation of the triplet 
state of the parent hydrocarbon. The photo-
chemical reaction may be written as 
[1] 
[2] 
hvi 
A > A*-
' A -
hv2 
A** • A + + e -
where the sirigle asterisk (*) corresponds to an 
excited s'nglet state of the molecule and the 
double asterisk (**) to the molecule excited to 
higher triplet states. From the thermolumines-
cence studies it has become evident that the 
free electron ejected in this process is removed 
far from the vicinity of the parent ion and neu-
tralized as atomic or molecular hydrogen (9). 
The optical absorption spectrum of tetracene 
monopositive ion in boric acid glass shows a 
striking resemblance to the spectra of its anions 
(2) and cations (13) reported earlier and the same 
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FIG. 1. Absorption spectra of the radical cations of tetracene — ; 1,2-benzanthracene — ; chrysene —• 
benzphenanthrene . . . . ; in boric acid glass irradiated with u.v. light at room temperature. 
and 3,4-
is expected on the basis of theoretical predictions 
also. 
The positions of the absorption peaks of 
chrysene and 1,2-benzanthracene anions ob-
served by Evans and Tabner (3) agree with our 
experimental results. Kira et al. (14) have re-
corded the transient spectrum of the monomer 
cation of 1,2-ben2anthracene in benzonitrile 
solution in the region 11-14 kK which has a very 
strong band at 11.3 kK. This is very close to the 
band observed at 11.1 kK in the boric acid glass. 
Recently, Shida and Iwata (15) have produced the 
monopositive ions of tetracene, chrysene, and 
1,2-benzanthracene in butyl chloride solution by 
7-irradiation. Their spectra show a close resem-
blance to those recorded by us. The radical ions 
of 3,4-benzphenanthrene have not been produced 
so far and we are reporting here for the first 
time the electronic spectrum of its cation. 
The spectra of all the monopositive ions under 
investigation have at least one thing in common: 
all of them show a very strong band in the near 
i.r. region. An extensive investigation of the 
spectra of all these cations is in progress. 
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